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The decay process of B → Xsγ in which various particles from beyond the standard model(SM)
can contribute is highly sensitive to new physics. Especially ratio measurement is clean analysis
because amount of systematic uncertainty can be canceled out. The main target of this study is
to measure 2 variables: CP asymmetries difference ∆ACP and isospin asymmetry ∆0−: ∆ACP
provides a precise test of standard model and ∆0− is useful to evaluate the non perturbative
uncertainty of branching ratio of B → Xsγ.
We used full data from Belle experiment on Υ(4S) resonance, which corresponds to 772
million BB̄ pair. As a result, ∆ACP and ∆0− were measured to be (3.69± 2.65± 0.76)%
and (−0.48± 1.49± 0.97± 1.15)%, respectively. First and second errors show statistical and
systematic uncertainties while the third error on ∆0− is caused by f+−/f00. In addition, A
±
CP =
(2.75 ± 1.84 ± 0.32)%, A0CP = (−0.94 ± 1.74 ± 0.47)%, ĀCP = (0.91 ± 1.21 ± 0.13)%, and
AtotalCP = (1.44± 1.28± 0.11)% were measured. All of these results are consistent with both the
SM and current measurements [10][11].
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The standard model(SM) for elementary particle physics is an excellent theory which greatly
matchs with various experimental facts. There are, however, some problems which cannot be
solved by the SM, such as an excess of matter in the universe against antimatter, a hierar-
chy problem between GUT and EWSB scales, a fine tuning problem of Higgs mass, and so
on. These problems indicate that the SM must be a part of unknown extended models such
as 2HDM(especially the Supersymmetry), composite Higgs model, and so on. Although direct
searchs of new physics are ongoing mainly at the Large Hadron Collider(LHC), no clear incon-
sistency has been reported so far. Hence indirect searchs, especially flavor physics, are of great
importance.
One of the most interesting questions the SM cannot answer is how the asymmetry between
matter and anti-matter in the universe was produced. In order to solve this problem, 3 conditions
are required(Sakharov conditions);
• An existence of the process violating Baryon number
• An existence of C and CP asymmetries
• A breaking of thermodynamic equilibrium
The CP asymmetry is measured in quark sector as imaginary phase in the CKM matrix which
expresses the mixing of quark flavors. It is, however, not enough to explain an excess of matter
in the today’s universe. Thus searchs of more sources of the CP violation is essential to reveal
the mystery of the origin of our universe. This is one of the crucial purposes of B factory
experiments.
The main targets of this study are to measure the CP asymmetry difference(∆ACP ) and
isospin asymmetry(∆0−) in b→ sγ process using full data from the Belle experiment:
(1.1)







Γ (B− → X−s γ)− Γ (B+ → Xs̄+γ)
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(1.2)
where N indicates the number of events. The branching ratio of B decay via loop diagram is
relatively large and this provides precise test for the SM and search for the new physics arising
in the loop. The motivation to measure these variables will be discussed at later sections in this
chapter.
1.2 Electroweak peunguin decays
The main target of B factory experiments(Belle, BaBar, CLEO) is to measure decays of B meson
and its anti particle B̄ meson and to observe deviations of various quantities(CP asymmetry,
isospin asymmetry, and so on) from the SM expectation. The reason B meson decay is sensitive
to this purpose is because the contribution of loop diagram is relatively large. Figure 1.2 shows
Feynman diagrams comparison between B → Dl−ν and B → Xsγ. The process B → Dl−ν is
Figure 1.1: B → Dl−ν diagram Figure 1.2: B → Xsγ diagram(EWP)
mainly contributed from tree diagram as shown in the figure, while the process B → Xsγ can
occur only via loop diagrams (Glashow Iliopoulos Maiani mechanism). Here, the loop diagram
on the right side of the figure is induced by electroweak interaction and is called radiative decay
or electromagnetic penguin decay(EWP). The branching ratio of these processes are propotional
to the CKM matrix elements in the diagrams and each factors for tree diagram and EWP are
nealy the same; |Vcb| ∼0.04 for tree, on the other hand |VtbV ∗ts| ∼0.04 for EWP. The measurement
of rare decay such as B → Xsγ, which occurs only via loop diagram, is very important to
search new physics. Since heavy unknown particles such as SUSY can contribute to the loop
as virtual particles, various quantities can be deviated from the SM expectation caused by this
contribution. For example, the EWP diagram in the Figure 1.2 can be drawn with SUSY
particles using scalar top(t̃) instead of top quark and chargino(χ±) instead of W±. We can also
draw this with 2HDM using charged Higgs(H±) instead of W±.
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1.3 Effective theory
In this section, a short summary of effective theory about B decay will be introduced. The
most important fact in this section is that the effective Hamiltonian can be written by operator
product expansion(OPE) technique in which contributions from long distance and short distance
effects are sparated as operator matrix elements and Wilson coefficients, respectively.
For inclusive decay B → Xsγ, short distance QCD effects play an important roll. They arise
from hard gluon exchange between quark lines in the diagram. These effects can enhance the
rate by a factor greater than 2. For the perturbative QCD correction about these effects, the









where m ≤ n(with n = 0, 1, 2, ...), mb is bottom quark mass, and M is the mass of heavy
particle(top or W±). The calculation only with m=n is called Leading Log(LL), up to m=n-1
is Next-to-Leading Log(NLL), and m=n-2 is Next-to-Next-to Leading Log(NNLL). At least LL
precision is needed to obtain a reasonable result.
In the effective theory framework to re-sum above logarithms, heavy particles such as top
quark and W± boson in the SM are integrated out from the field theory to construct the theory
only with five quarks. This approach is reasonable at low energy region such as B decays. As
mentioned earlier, a technique of OPE provides separation of B decay amplitude, where effective






λCKMCi(µ,M)Oi(µ) + (h.c.) (1.4)
whereOi is a dimension six operator, Ci(µ,M) is a Wilson coefficient, λCKM is a product of CKM
matrix elements such as λtq = VtbV
∗
tq(q=s,d), and µ is the factorization scale. The dependences
on top quark mass and W± boson mass are included in Wilson coefficients. A more suitable
















where unitarity relations λcq = −λtq − λuq is used. Specific expression of dimension six operators









































































where T a are generators of SU(3), Fµν and Gµν are electromagnetic and chromomagnetic fields,
and the subscripts L/R beside quarks represent left-/right-handed quark. Couplings for i = 1, 2
are current-current operators as shown in figure 1.3[a]. In µ = mb scale, Wilson coefficients
C1,2 ∼1. Note that couplings for i = 3, ..., 6 are omitted because corresponding Wilson coeffi-
ciencts C3, ..., C6 are very small and their contribution can be safely neglected in low energy scale
µ = mb. O7 and O8 are electromagnetic(figure 1.3[b]) and chromomagnetic(figure 1.3[c]) opera-
tors respectively. CorrespondingWilson coefficients C7(mb) ∼-0.3, and C8(mb) ∼-0.15. O9(vector
coupling) and O10(axial-vector coupling) contribute only to the processes b → s(d)l+l− and
b→ s(d)νν, hence are omitted in this analysis.
[a] Current-current operators [b] Electromagnetic operator [c] Chromomagnetic operator
[d] Current-current in ET [e] Electromagnetic in ET [f] Chromomagnetic in ET
Figure 1.3: Feynman diagrams for bottom quark decays. [a]-[c] show leading order diagrams,
while [d]-[f] show corresponding diagrams in effective theory(ET) respectively.
1.4 CP asymmetry
CP asymmetry is categorized into 3 types: mixing type, direct type(by decay), and mixing-
induced type(interference between mixing and decay). The study for b→ sγ can measure direct
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CP asymmetry, which occurs by the interference between 2 different processes and there are
weak phase difference (ϕ) and strong phase difference (δ). Consider certain decay amplitude




|A|2 =M21 +M22 +M1M2ei(−ϕ+δ) +M1M2ei(ϕ−δ)
(1.7)




|A|2 =M21 +M22 +M1M2e−i(ϕ+δ) +M1M2ei(ϕ+δ)
(1.8)
It is clearly different from previous expression due to the different behavior of ϕ and δ under
the CP transformation. The difference between 2 probabilities is then;











This is called direct CP asymmetry and it provides the difference in branching fractions between
BR(B → Xsγ) and BR(B → Xsγ). Namely following quantity ACP can have non-zero value as
long as above conditions are satisfied;
ACP ≡
Γ(B → Xsγ)− Γ(B → Xsγ)
Γ(B → Xsγ) + Γ(B → Xsγ)
(1.10)
For radiative decay B → Xsγ, operators O7, O8, and O1 contribute to the decay(figure 1.4),
where photon can couple not only to the b → s transition but also to the spectator quark.
According to the current calculation, the SM expectation for CP asymmetry regards to B → Xsγ
[a] O7 contribution [b] O8 contribution [c] O
(u)
1,2 contribution
Figure 1.4: Effective theory operators contributing to b→ sγ transition.
is evaluated as -0.6%< ACP (Xsγ) <2.8%. In the calculation, a long-distance effect is taken into
account, where photon is emitted from the scattering process between gluon and a spectator
quark. Thus CP asymmetry itself unfortunately has poor sensitivity for new physics due to the
large theoretical uncertainty.
1.5 CP asymmetry difference ∆ACP
Theoretical uncertainty for ACP of b → sγ transition can be written by 2 parts: direct photon
and resolved photon contributions [1]. The fundamental idea to introduce ∆ACP is to take a
difference between charged B and neutral B to cancel the non-perturbative long distance effect
1.5 CP asymmetry difference ∆ACP 7
in the SM. The important fact is that the CP asymmetry arisen from this effect is proportional



























where new physics terms are also taken into account as imaginary part of the Wilson coefficients.













78) have very large uncertainties of order ΛQCD,
the uncertainty of ACP is much greater than before taking resolved photon contribution into
account.
Although there is no systematic calculation method to reduce this uncertainty at present,
taking difference between B+ and B0 is an effective analysis because above Λ̃u17 and Λ̃
c
17 are
independent on the charge of the spectator quark. Λ̃B̄78, on the other hand, is approximately
proportional to the charge of the spectator quark inside B meson, denoted as espec;
Λ̃B̄78 ≈ especΛ̃78
17MeV < Λ̃78 < 190MeV
(1.13)
Thus, following quantity ∆ACP provides a remaining term arisen from resolved photon contri-
bution, which can be neglected in the SM;















sin (θ8 − θ7)
(1.14)
where A±CP and A
0
CP are CP asymmetries for charged and neutral B. Last line is an expression
with arguments of complex Wilson coefficients. If we observe this value to be non-zero, then
it indicates that there exist a new physics, which gives additional complex phase in effective
Hamiltonian(see eq 1.4).
Gluino mediated EWP in SUSY can be considered as a specific new physics model which
can enhance the ∆ACP [2], where b→ s transition occurs by a loop with gluino(g̃) and squark(b̃
and s̃) with trilinear couplings with Higgs from the vacuum. This model is required to explain
the measured discrepancy of CP violating ratio ϵ′/ϵK for neutral K meson, 2.8σ level [3][4][5][6].
In this model, O (10%) ∆ACP is possible for 3.0∼5.0TeV/c2 squark mass. Furthermore, warped
extra dimensions theory also provides a contribution to b → sγ transition [7], despite ∆ACP
receives very small change from this model. This model will be excluded if a sizable ∆ACP is
measured in our analysis, and there must be other new physics contribution in such situation.
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1.6 Isospin asymmetry ∆0−
Isospin asymmetry ∆0− is defined by following expression;
∆0− ≡
Γ(B
0 → X0sγ)− Γ(B− → Xs−γ)
Γ(B





BR(B0 → X0sγ)− BR(B− → Xs−γ)(
τB+/τB0
)
BR(B0 → X0sγ) + BR(B− → Xs−γ)
(1.15)
This arises in the SM because of the difference between charge of spectator quark espec in B
0
and
B−, which means that the couplings to radiated photon are also different for isospin. Figure 1.5
shows the diagrams in which photon is emitted from spectator quark. Drawn vertices indicate
that candidate photon can couple to.
[a] O8 diagram [b] O
(u)
1,2 diagram [c] Annihilation diagram
Figure 1.5: Possible vertices coupling with primary photon(circles). Annihilation diagram[c] can
occur only in neutral B.
The precise measurements of ∆0− can be used not only for the searchs of new physics but also
for suppressing the uncertainty of BR (b→ sγ), which arises from interference of hard processes








where the uncertainty in the last line is caused by SU(3) flavor symmetry breaking (mass dif-
ferences among u, d, and s quarks). Although this effect gives a dominant contribution, current
calculation is based on the result of partial data(89.1fb−1) in BABAR experiment [11]. Thus
our measurement of ∆0− gives a better understanding of this effect when it is consistent with
zero.
The measurements of BR (b→ sγ) [17][18][19][20][21] are in a good agreement with the
SM prediction [9]. It provides a strong constraint on new physics model for charged Higgs in
2HDM [22]. In current framework, theoretical uncertainty is comparable with that of world
average. On the other hand, Belle II experiment, which started from April 2018, is expected to
measure the branching ratio with about 3%. Hence the reduction of the uncertainty caused by
a resolved photon is of crucial importance for further constraint on new physics.
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1.7 Current measurements
∆ACP and CP asymmetries were measured in BABAR experiment via semi-inclusive B → Xsγ
using 429fb−1 [10]. Current measurement is;
∆ACP = +(5.0± 3.9± 1.5)% (1.17)
and this result provides constraint on Im(C8/C7) as shown in the figure 1.6. On the other hand,
Figure 1.6: BABAR result of ∆ACP as a constraint on Im(C8/C7)
the results of ACP measurements are;
ACP = +(1.7± 1.9± 1.0)%
A±CP = +(4.23± 2.93± 0.95)%
A0CP = − (0.74± 2.57± 1.10)%
(1.18)
In addition, isospin asymmetry ∆0− for semi-inclusive B → Xsγ is measured also in BABAR
experiment, with partial data [11]. Current measurement is;
∆0− = − (0.6± 5.8± 0.9± 2.4)% (1.19)
Table 1.1 summarizes current measurements at Belle, BABAR, and world average(PDG). In
the table, first and second errors are statistical and systematic uncertainties respectively while
third error on ∆0− is caused by f+−/f00. Listed BABAR results are the values measured in [10]
and [11].
1.8 Analysis Overview
In this section, an overview of analytical procedure is provided. This analysis consists of following
studies:
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Quantities Belle[%] BABAR[%] PDG values[%]
∆ACP - 5.0±3.9±1.5 5.0±3.9±1.5
∆0− - -0.6±5.8±0.9±2.4 -0.6±5.8±2.6
A±CP - 4.2±2.9±1.0 4.2±2.9±1.0
A0CP - -0.7±2.61.1 -0.7±2.6±1.1
ACP 0.2±5.0±3.0 1.7±1.9±1.0 1.5±2.0±1.0
ĀCP - - -
Table 1.1: Summary of Belle, BABAR, and PDG values. BABAR results are based on [10] and
[11]
• MC generation(chapter 3)
• B meson reconstruction(chapter 4)
• Background suppression(chapter 5)
• Fitting strategy(chapter 6)
• Xs mode fraction measurement(chapter 6)
• MC regeneration with PYTHIA parameter modification(chapter 8)
• Efficiency calibration with Xs fraction(chapter 8)
• BR measurement to check a validity of analysis procedure(chapter 9)
• Simultaneous fitting to measure asymmetries(chapter 12)
At first, the signal B → Xsγ MC sample is generated using a specific model for γ energy
spectrum. B meson is reconstructed assuming 38 Xs decaying modes using K
±, Ks, π
±, π0,
and η. Background(BG) is dominated by continuum(qq̄) and was rejected using Neuralnet.
Furthermore, the peaking BG such as B → Dρ is suppressed by D mass veto selection.
Since Xs decaying modes fraction is not accurate at this point, the fraction is measured using
real data dividing into 40 bins; 4 Xs mass regions by 10 Xs decaying types. Then the signal
efficiency is corrected assuming the measured fraction. In addition, branching ratio of B → Xsγ
is measured in order to ensure a validity of the analysis procedure, especially calibration about
Xs fraction.
Finally ∆ACP , ∆0−, and several CP asymmetry quantities are obtained by simultaneously
fitting with the 8 distributions of reconstructed B mass: 5 on-resonance(namely Υ (4S) reso-





The Belle experiment is one of the experiments called B-factory. A main target of this experiment
is to find an evidence of CP symmetry breaking in B meson system. Thus e+e− colligions with
asymmetric center of mass energy is needed to search time dependent CP violation, where
difference of decay times(equivalent to the flight length) of BB pairs are measured. In addition,
production of large amount of B meson enables us to study rare decays of the B such as b→ sγ,
b → sl+l−, B → D(∗)τν, and so on. Its peak luminosity 2.1 × 1034cm−2s−1 is world record.
The experiment was operated from June, 1999 upto June, 2010, and more than 1000fb−1 total
integrated luminosity was achieved. Comparing another B-factory, the BABAR experiment in
the SLAC which collected finally 550fb−1, the Belle experiment has the largest statistics to
study B physics [12].
2.2 KEKB accelerator
Figure 2.1 shows an overview of the KEKB accelerator for Belle experiment. In order to accel-
erate e− upto 8GeV and e+ upto 3.5GeV, 2 divided rings (HER and LER) are used. Beams are
injected at Fuji hall area and collide at the interaction point (IP) in the Tsukuba area, where
the Belle detector is placed.




4Ee−Ee+ =10.58GeV. This is nealy
equivalent to the mass of Υ(4S), most of which(96%) decays into BB pair.
2.3 Belle detector
The Belle detector consists of following sub detectors [13]:
• Silicon Vertex Detector (SVD)
• Central Drift Chember (CDC)
• Aerogel Cherenkov Counter (ACC)
• Time Of Flight Counter (TOF)
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Figure 2.1: KEKB accelerator
• Electromagnetic Calorimeter (ECL)
• KL and Muon Detector (KLM)
Figure 2.2 shows an overview of the Belle detector. Figure 2.3 shows an overview of CDC.
Solenoid coil is placed arround ECL and create 1.5T magnetic field in parallel with z-axis (where
Figure 2.2: An overview of Belle detector
z-axis is direction of e− beam and coordinate is defined as left handed).
2.3 Belle detector 13
2.3.1 Silicon Vertex Detector
Silicon vertex detector (SVD) is placed at the innermost part of the detector to measure decay
vertices. The vertex detector is very important for the Belle experiment because the resolution
of vertex position determines the precision of time dependent CPV. For this purpose, z-vertex
position of B decay requires a precision of about 100µm assuming ∆z = βγc×∆t = O(100)µm
for BB. Furthermore, vertex detector contributes to the identification of the vertices of D meson
and τ lepton, and tracking. Since SVD is placed at the innermost of overall detector, it must
have very good radiation tolerance (30kRad/y at the full design current).
SVD consists of multiple layers(3 for SVD1, and 4 for SVD2). Each layer is constructed of
independent ladders comprising double-sided silicon strip detectors(DSSDs). When a charged
particle passes a DSSD, the p+ side strips determine azimuthal angle while n+ side strips de-
termine z-position. The ghost hitting of DSSD will be collected with infomation from CDC
(see section 2.3.2). It is required to place innermost layer of SVD as close to the IP as possible
because a dominant contribution to vertex resolution is multiple-Coulomb scattering.
SVD was upgraded in summer 2003(SVD1→SVD2) because of the limitation of SVD1 about
radiation tolerance (it has been repaired many times). Thus collected data has to be devided
into 2 parts and treated individually (it is especially needed in a calculation of systematic
uncertainties of measured quantities).
2.3.1.1 SVD1
SVD1 consists of 3 layers(numbers of ladders are 8, 10, and 14 for inner, middle and outer layers,
respectively). It covers 23◦ < θ < 139◦ that corresponds to 86% in solid angle. The distance
from the beam pipe to the innermost layer is 30mm. In order to readout signal, VA1 chip(1.2µm
CMOS) was used. The radiation tolerance of the chip is about 200kRad.
2.3.1.2 SVD2
SVD2 consists of 4 layers(6, 12, 18, and 18 ladders from the innermost layer). It covers 17◦ <
θ < 150◦ that corresponds to 92% of overall solid angle. The distance from beam pipe to the
innermost layer is 20mm. VA1TA chip(0.35µmCMOS) was used to readout signal.
These upgrades improve both ∆z resolution(20% improved) and radiation tolerance(about
20MRad is accepted). The improvement of resolution of ∆z is mainly up to the small radius of
the innermost layer.
2.3.2 Central Drift Chamber
The Central Drift Chamber(CDC) is a wire drift chamber to get information of tracks. CDC
has following important rolls:
• Measure the drift time of charged particles tracking and decide the trajectory.
• Measure momenta of charged particles from curvature.
• Identify particles in low momentum region(especially slower than 0.5GeV/c).
• Trigger events with spacial resolution in z direction.
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Figure 2.3: A configuration of Central Drift Chamber
Figure 2.3 shows an overview of CDC. It covers 17◦ < θ < 150◦ region, which is 92% of
full solid angle. Quench gas of He + C2H6 is adopted because of its small substance quan-
tity(radiation length is 640m). Furthermore drift velocity becomes flat with relatively small
electric field(around 2kV).
CDC has a cell structure. Namely, one sense wire (gold-plated tungsten) and eight field
wires (unplated aluminum) are strained. A drift cell is nearly square. In addition the chamber
consists of 3 types of superlayers: cathode, axial, and stereo. In stereo superlayers, O(10)mrad
stereo angle is made so that it can have z position resolution. This information is used for fast
z-trigger.
With 1.5T magnetic field created by solenoid coil, momentum of a charged particle can be
measured. The resolution of transverse momentum was checked by a test using cosmic ray data.
Figure 2.4 shows pT dependence of measured pT resolution for cosmic ray test. As a fitted result,
the resolution is evaluated as;
σpT /pT =
√
(0.201pT )2 + (0.290/β)2%(pT in GeV/c) (2.1)
In addition, information of dE/dx is useful for particle identification(π, K, p, and e). Fig-
ure 2.5 shows a plot of dE/dx against log10(p). TOF has also a roll of particle identification,
but CDC is able to identify particles even when charged particle has low momentum(about
0.4GeV/c) and does not reach to TOF. The resolution of normalized ⟨dE/dx⟩ was measured
with minimum ionizing pions from K0s decays to be 7.8% in the momentum range from 0.4 to
0.6GeV/c.
2.3.3 Aerogel Cherenkov Counter
Typical momentum of final state charged kaon from cascade decays is up to 1.5GeV/c and CDC
and TOF play a role to identify them. On the other hand, charged particles from 2 body decay of
B meson tend to have high momentum up to 4GeV/c. Aerogel Cherenkov Counter is a detector
for K/π identification in a such relatively high momentum region. Thanks to ACC, a range of
K/π indentification is extended up to 3.5GeV/c.
ACC is based on the Cherenkov technologies. As we know, when a charged particle across a
material with greater velocity than that of light in the material, Cherenkov light is emitted from
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Figure 2.4: pT resolution of CDC against pT for cosmic ray test
Figure 2.5: dE/dx vs. momentum
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the charged particle. Thus the condition of Cherenkov radiation is v ≥ cn , where n is index of
refraction, m and p indicate mass and momentum of the charged particle. Hence if n is provided,
there is a gap between threshold momenta for charged pion and kaon. Figure 2.6 Since TOF
Figure 2.6: Threshold momentum against index of refraction
can cover low momentum region, the material of barrel ACC can be set up with suitable n(from
1.010 to 1.028) for identification in high momentum region. On the other hand, endcap ACC is
set up with n fixed to 1.030, which is suitable for low momentum region.
Figure 2.3.3 illustrates an overview of ACC. ACC consists of cubic Silica Aerogel. The
Figure 2.7: Barrel ACC module
Figure 2.8: Endcap ACC module
material is adopted because of well controlled index of refraction by adjusting the density, high
index of refraction, high transparency, and good thermal insulation properties.
The performance of the ACC is checked by the decayD∗+ → D0π+ andD0 → K−π+. In this
process, particle identification for the D0 decay can be performed using information of charge
of primary π+ decayed from D∗+. Thus it would be good check for ACC particle identification.
Figure 2.9 shows a result of the test.
2.3.4 Time of Flight Counter
Time of Flight Counter(TOF) is a detectors for particle identification below about 1.2GeV/c
momentum. TOF system achieves 100ps time resolution in this momentum region, which covers
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Figure 2.9: Entries of photo-electron of ACC by charged particles
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about 90% of the particles decayed from Υ(4S). It is useful not only for particle identification,
but also for the trigger with thin Trigger Scintillation Counters(TSC).
The TOF module consists of 128 plastic scintillation TOF counters and 64 TSC counters.
They are placed at a radius of 1.2m from IP and cover from 34◦ to 120◦ of polar angle which is
above 90% of barrel region. Figure 2.10 shows a configuration of TOF modules.
Figure 2.10: TOF module
Masses of particles were determined using following method. First, momentum p is decided







where T is measured time of fligh at TOF, L is a flight length. Namely, for L=1.2m, both
pion(m=140MeV/c2) and kaon(m=494MeV/c) with p=1.2GeV/c lead to about 4.0ns and 4.3ns
of time of fligh, respectively. Thus 100ps time resolution enable us to identify pion and kaon
with 3σ significance.
2.3.5 Electromagnetic Calorimeter
The target of Electromagnetic Calorimeter(ECL) is to measure energy and direction of photon
and electron. Photon energy resolution is especially importaint for electroweak penguin study,
2body decay B → π0π0 study, and so on. In transition of b → sγ process, high energy photon
(up to 4GeV) is emitted. Furthermore, in order to reconstruct π0 → γγ, it is required to identify
nearby photons and precisely determine the opening angle.
ECL consists of CSI(Tl) crystals. Figure 2.11 shows an illustration of ECL. The material
Figure 2.11: ECL configuration
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is determined to satisfy above requiments. A mechanism to measure energy of injected photon
is to induce the series of pair production of e+e− and bremsstrahlung radiation in the crystals.
The series lasts until the energy reachs down to critical energy Ec ∼800MeV/(Z+1.2), where
energy loss of ionization is equivalent to that of radiation (Z is atomic number). Radiation
length(X0) of the crystal is 1.86cm while Moliere radius(RM ) is 3.57cm. Here RM is defined as
21.2MeV × (X0/Ec), which expresses transverse spread of the shower.
The length of crystal is 30cm which is 16X0, the size of IP side is 5×5cm2 which corresponds
to 1.5RM , and that of KLM side is 6.5×6.5cm2. In order to prevent photons from escaping
from the crystal gap, each crystals are tilted with small angle. ECL covers from 12.4◦ to 31.4◦
in forward endcap region, from 32.2◦ to 128.7◦ in barrel region, and from 130.7◦ to 155.1◦ in
backward endcap region.















+ 1.342(E in GeV ) (2.3)
where the source of 1st term is electronics noise, that of 2nd term is shower leakage, and that
of 3rd term is systematic uncertainty.
2.3.6 KL and Muon Detector
KLM is the detector to identify KL and µ at momentum range greater than 600MeV/c. The
detector consists of resistive plate counters(RPC) which plays a roll to detect charged particle,
and iron plates in which neutralKL decays into hadronic shower. In the barrel region 15 detector
layers and are placed which covers from 45◦ to 125◦, while in the endcap region 14 detector layers
extends the range from 20◦ and 155◦. Figure 2.12 shows a cross section of a KLM super-layer.
RPC is a charged particle detector in which gas(Argon:Butane:Freon=30:8:62) fills up. The
detector adopted conception called streamer mode. When a charged particle passes through
the RPC, ionizing particles are absorbed as a signal (the shape of absorbing particles looks
like a streamer). As a result one can obtain the location and time of the ionization. The µ
identification efficiency is estimated 90% and fake rate is less than 5%.
In this analysis, B → XsJ/ψ with ψ → l+l−(l=e,µ) process is used as a control sample.
2.4 Analytical tool
2.4.1 Particle identification(PID)
In order to define PID, information obtained from dE/dx(by CDC), Cherenkov light(by ACC),
and time-of-flight(by ToF) is used [14]. These detectors provide almost independent information
to identify kaon/π as likelihoods: PCDCi , P
ACC
i , and P
ToF
i , where index i corresponds to K
±
or π±. Figure 2.13 shows the momentum dependence of K/π identification capability for each
detectors.
Then combined likelihood is calculated by a product of three likelihoods, and PID is defined
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Figure 2.12: Cross section of a KLM super-layer
Figure 2.13: p dependence of K/π identification capability for CDC, ToF, and ACC(Barrel/
Endcap)
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by likelihood ratio for LK and Lπ;




Figure 2.14 shows PID plots against momentum. The result is obtained using D∗+ → D0π+,
Figure 2.14: Likelihood ratio of K/π separation against momentum using D0 → K−π+
D0 → K−π+, where K/π is tagged by the charges.
Chapter 3
The Monte Carlo samples
3.1 Outline
This study is performed as blind analysis; namely, optimal method of analysis is investigated
using MC before real data(simply called “data” hereafter) study. A difference of event char-
acteristics(fragmentation of Xs decay, shape parameter distribution, and so on, for example)
between data and MC will be taken into account as systematic uncertainty(see chapter 7 and
11).
The fragmentation of Xs decay in MC has important roll to calculate efficiency in this analysis.
In order to obtain analytical criteria, a large amount of events of MC samples are used. Since
b → sγ transition is considered in this study, odd number of kaon is needed. Although typical
number of kaons is one, it is possible that more(odd) kaons are generated with ss̄ popping from
the vacuum. Moreover various number of pions and ηs(no strangeness states) can accompany.
The fragmentation of these Xs system in B → Xsγ decay is very difficult to reproduce because
of the complicated hadronization model in QCD. Nevertheless, adjusting the fraction of Xs
fragmentation of MC with data is essential because efficiencies highly depend on Xs decaying
modes. Here are the procedure to improve signal sample:
1. Generate signal MC by nominal Breit-Wigner Xs mass distribution [23][24].
2. Correct Xs mass distribution with Kagan-Nuebert model(KN model) [15] by accept reject
method.
3. Rescale mXs distribution as it would be kept KN model even after adding K
∗∗ (1430) γ
sample.
4. AddK∗∗ (1430) γ sample, which is generated independently because spin=2 particle cannot
be treated in EvtGen. The total sample is unit 0.
5. Measure the Xs fragmentation after optimizing analytical criteria with prototype MC.
6. Investigate optimal PYTHIA parameter [16] as the fragmentation of regenerated sample
is close to the measurement as possible. Above procedure is also performed. This sample
is unit 1 and analytical procedure is reoptimized by this sample.
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7. Calibrate the fragmentation directly in the calculation of efficiencies with data in order to
perform more precise adjustment.
In this chapter correction of Xs mass distribution with specific model is discussed mainly while
the PYTHIA calibration will be discussed after data reconstruction in chapter 8.
3.2 Sample generation
MC sample is generated by EvtGen, which is event generator for the decay of heavy flavor
particles. Breit-Wigner shape is assumed to express mXs distribution at first. After genera-
tion, the sample is scaled with Kagan-Neubert model [15]. This model provides the γ energy
spectrum taking the effects of Fermi motion in the heavy-quark expansion into account. This
requires 2 parameters: b quark mass mb and momentum in B meson µ
2
π. The best setting of
these parameters(mb = 4.440GeV/c
2, µ2π = 0.750GeV
2) has been investigated in the previous
study [21] at Belle, which reproduces the distribution in a good agreement with the Belle exper-
imental result, thus same setting is adopted in this analysis as well. Furthermore, non-resonance
Xs sample has a transition point at mXs with K
∗(892) region. The value of this point is also
decided to be the same value with the study [21], 1.15GeV/c2. Since this transition point is
arbitrary, it should be taken into account as systematic uncertainty. It will be discussed in
section 11.10.
In order to scale the existing distribution to KN model, accept reject method was performed;
a random number is generated for each event, and the event is rejected if the number is smaller
than the threshold depending on mXs value. The mXs distribution of KN model is used as a
PDF for threshold. Hence accepted events form the same distribution as a PDF.
3.3 Rescaling for K∗∗ (1430) γ adding
Xs with spin greater than 1 cannot be produced in hadronization in EvtGen, though it is not
kinematically allowed in B → Xsγ since the spin of γ is 1 while initial state B is spinless. This
effect is, however, known to be very small in the decay with high multiplicity, namely more than
3 body decay such as Kππ. Conservative speaking, however, it is not neglected in relatively low
mXs region, in which multiplicity is low. Thus B → K∗∗ (1430) γ is generated independently,
and add it to existing spin-0 Xsγ sample. Other resonances, such as K
∗ (1680), is not added
because of its small branching fraction.
One of the problems that needs to be solved is that KN model distribution should be kept
even when K∗∗ (1430) sample is added. In order to do so, spin-0 Xs sample distribution was
rescaled in K∗∗ (1430) region by accept reject method. Note that, according to PDG, about half
of K∗∗ (1430) decays into Kπ(49.9± 1.2%) while the rest decays into K∗ (892)π(24.7± 1.5%) or
K∗ (892)ππ(13.4± 2.2%); namely, about three quarter of K∗∗ (1430) decays into K1π or K2π.
Thus rescaling is performed only with K1π or K2π modes in spin-0 Xs otherwise fragmentation
of high multiplicity modes such as K4πγ unexpectedly decreases, especially after PYTHIA
parameter adjustment. Figure 3.1 shows rescaling process. Left figure is mXs distribution of
K1π and K2π in spin-0 Xs sample, and center figure shows after rescaling Xs and adding
K∗∗(1430)γ sample which is drawn as black filled distribution. Right figure shows final total
mXs distribution. Note that figure 3.1 is obtained after PYTHIA parameter adjusting.
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Figure 3.1: Xs mass spectrum decomposing into each Xs modes. Black distribution shows
additional K∗∗ (1430) γ sample while other colors mean non-resonance Xsγ sample. The scaling
of Xsγ distribution is performed only with K1πγ and K2πγ events.
3.4 BG sample
In order to investigate optimal analysis procedure, BG sample is also needed. Used BG samples
are:
• Generic MC
– Continuum events with light quarks(u/d/s), 6 streams
– Continuum events with charm quarks, 6 streams
– B+B− events, 10streams
– B0B̄0 events, 10 streams
• BB̄ rare decay MC, 50 streams
where unit of “streams” indicates the number of simulated experiments, namely 6 streams means
that there are simulated experiments 6 times larger than that of real Belle experiment. Samples
called “generic MC” consists of continuum and BB̄. Continuum events are e+e− → qq̄ events,
which again splitted into light quarks pair and charm quarks pair. Generic BB̄ means that B
meson pair is created, and both B decays into charm including modes, with b → cW− process.
On the other hand, BB̄ rare decay means one B meson decays via some rare processes. Our
signal process B → Xsγ is also included in this type of MC. However, since the improved signal
sample described above is used in this analysis, b→ sγ events in the existing sample are dropped
to avoid overlap.
Samples are generated according to experimental number listed in table 3.1, in which numbers
of millions of BB̄ are also shown. Note that experimental number upto 27 should be treated
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Table 3.1: Number of BB̄ for the each experimental number.
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separately from the others because the experiment had been oparated with SVD1 rather than
SVD2 described in section 2.3.1. Since these SVD versions have different performance of particle
detection, the difference should be taken into account when we discuss about the reconstruction
efficiency ratio between data and MC(section 7.1.2, for example).
Chapter 4
B Reconstruction
The reconstruction of B → Xsγ was performed by following steps:
1. Finding primary photon candidates.
2. Finding or reconstruct fundamental particles.
3. Reconstructing Xs candidates by fundamental particles.
4. Reconstructing B meson with various combination of primary photon and Xs candidates.
Here, fundamental particles represent the particles used to reconstruct Xs candidates: KS , K
±,
π0, π±, and η.
Table 4.1 shows a summary of selection criteria. Threshold values are the same with previous
Xsγ analysis [21]. Some criterias are drawn in figure 4.1. For photon distributions, red line
corresponds to primary photon signal(decayed directly from B) and blue corresponds to the
other origins such as π0 decay. For charged particle distributions, on the other hand, red line is
π± while blue is K± and yellow is other particles such as electron, muon, proton, and so on (for
EID distribution, yellow means only electron).
4.1 Reconstructed Xs decaying modes
The reconstructed Xs candidates are listed in table 4.2. These Xs decaying modes can cover
about 77% of all Xs in b → sγ transition according to MC. The other modes were not recon-
structed because of the low efficiencies or large amount of background. Modes including more
than two π0′s or modes with a high multiplicity (more than 4π′s) are especially hard to recon-
struct and identify from cross-feed background. The number of those modes will be estimated
by Monte Carlo samples but it will be a source of systematic uncertainty came from complicated
hadronization. In addition to such modes, Xs including 2KS was also not reconstructed because
such modes requires to identify KS and KL, where KS is a CP-even scalar, while KL is a CP-odd
scalar (psuedoscalar).
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Particles Selection
Primary photon C.M.S energy 1.8 < E∗γ < 3.4GeV
Energy deposit on ECL EECL > 30MeV





K± and π± |dr| < 0.5cm
|dz| < 5.0cm
Momentum(C.M.S) ptrack > 0.10GeV/c
PID > 0.6 for K±
PID < 0.6 for π±
EID < 0.6
The 1st largest momentum p1stπ > 0.40GeV/c (Mode ID 13-16)
The 2nd largest momentum p2ndπ > 0.25GeV/c (Mode ID 13-16)
π0 Energy deposit on ECL Eγ1, Eγ2 > 0.050GeV
Momentum(C.M.S) p > 0.10GeV/c
cos θγ1γ2 > 0.40
Invariant mass 0.125 < mπ0 < 0.145GeV/c
2
The 1st largest momentum p1stπ0 > 0.40GeV/c (Mode ID 17-22)
The 2nd largest momentum p2ndπ0 > 0.25GeV/c (Mode ID 17-22)
η Energy deposit on ECL Eγ1, Eγ2 > 0.10GeV
Momentum(C.M.S) p < 0.50GeV/c
Larger helicity angle cos θhel. < 0.8 (η rest frame)
Invariant mass 0.515 < mη < 0.570GeV/c
2
Ks Invariant mass |mKs −mKs(PDG)| < 0.010GeV/c2
Standard selection of nisKs finder
Signal window mbc ∈ (5.20, 5.30)GeV/c2
mXs ∈ (0.60, 2.8)GeV/c2
−0.15 < ∆E < 0.08GeV (Modes with at most one π0 + η)
−0.10 < ∆E < 0.05GeV (Modes with two π0 + η)
Table 4.1: Summary of selection criteria
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[i] cos θγ1γ2 for π
0
Figure 4.1: Distributions used for particle selections. [a]-[c] are for photon selections. Red is
signal primary photon, blue is from other origins. [d]-[g] are for charged particles. Red is π±,
blue is K±, and yellow is the other(for EID, electron). [h] and [i] are for π0 selections. Red is
signal and blue is fakes.
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Mode ID Final state Mode ID Final state Mode ID Final state
1 K+π− 14 KSπ
+π+π−π− 27 K+ηπ0
2 KSπ
+ 15 K+π+π−π−π0 28 KSηπ
0
3 K+π0 16 KSπ
+π+π−π0 29 K+ηπ+π−
4 KSπ






+π− 19 K+π−π0π0 32 KSηπ
+π0
7 K+π−π0 20 KSπ
+π0π0 33 K+K+K−
8 KSπ
+π0 21 K+π+π−π0π0 34 K+K−KS
9 K+π+π−π− 22 KSπ
+π−π0π0 35 K+K+K−π−
10 KSπ
+π−π− 23 K+η 36 K+K−KSπ
+
11 K+π+π−π0 24 KSη 37 K
+K+K−π0
12 KSπ
+π−π0 25 K+ηπ− 38 K+K−KSπ
0
13 K+π+π+π−π− 26 KSηπ
+
Table 4.2: Reconstructed Xs modes
4.2 Primary photon candidates
The primary photon is one of the most significant characteristics of the B → Xsγ analysis. The
used conditions and fundamental strategy to obtain a photon decayed from B meson directly
follows;
• The energy deposit at ECL > 30MeV
• -0.6157 < cos θ < 0.8387
• The energy at CM frame < 3.4GeV
• e9oe25 > 0.95
At this point, there could be more than 1 photon satisfying above conditions. The first
condition is applied because the primary photon is emitted directly from B meson decay and
thus tends to have large energy compared to the other photons in the electromagnetic shower.
The second one means that the only photons with hit at the barrel region were used. The center
of mass energy cut is applied as shown. In the last condition, e9oe25 is defined as the ratio of
deposited energies by looked photon between 9 cells and 25 cells around the cell photon hit on
ECL detector crystal. This quantity is close to 1 if that photon is isolated while it will be small
for a photon in shower.
In order to distinguish signal primary photon and photon decayed from π0 or η, probabilities
of π0 and η are calculated [25]. π0 probability expresses the likelihood value for the PDF of the
closest π0 mass, which is reconstructed by an arbitrary combination of photons in the event. η
probability can be calculated by similar definition. The different probability density functions
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are used for additional photon direction θγ2 (forward, barrel, and backward cases). If the energy
of additional photon Eγ2 does not satisfy 1.3 < log10Eγ2 < 3.7, the probability is defined as
zero (which means it is not π0/η like photon). Moreover, if the invariant mass of 2 photons does
not satisfy 34.976GeV < minv < 234.976GeV (for π
0 case) or 447.3GeV < minv < 647.3GeV
(for η case), it is defined as zero. Figure 4.2 shows the distribution of π0 probabilities for signal
and BG. The photon whose π0 probability is less than 0.05 and η probability is less than 0.10
is adopted to reconstruct B meson.
 prob.0π














Figure 4.2: π0(left) and η(right) probabilities for primary photon. Red shows signal distribution,
orange is cross-feed, blue is continuum, yellow and green are BB̄.
4.3 Particles decayed from an Xs candidate
4.3.1 Charged particle selection
The target charged particles are decayed not from jet or noise but from Xs so the closest point
to the IP on the track can be used to separate background whose track tends to be deviated
from the IP. Thus the selections |dr| ≤ 0.5cm and |dz| ≤ 5.0cm are applied. These quantities
are corrected by helix parameters and its error on the fitted track of either kaon or pion. In
addition, the momentum of charged track should be greater than 0.10GeV/c.
Kaon and pion are distinguished by PID selection which is widely used for K/π identification.
This analytical technique(see section 2.4.1) gives the probability of kaon from the track, namely
it is close to 0 if the track is pion-like though it goes to 1 for the kaon-like track. Then charged
K mesons are obtained from the list of charged particles as it satisfys the probability greater
than 0.6. On the other hand charged pion is obtained by the selection that probability is less
than 0.6. Additionally if the electron ID of the track is greater than 0.6, it is rejected.
4.3.2 π0 selection
π0 particle is reconstructed from 2 photons, which are indicated as γ1 and γ2 in this short
subsection. The selection to obtain neutral π0 follows:
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• Eγ1 , Eγ2 > 0.050
• cos θγ1γ2 ≥ 0.4
• |−→p π0 | ≥ 0.10 (CM frame)
• 0.125 ≤ mπ0 ≤ 0.145
The lowest energy selection is applied in order to reject photons in the shower. On the other
hand, since the π0 signal tends to have large velocity, 2 photons whose angle is wider than this
cut should be rejected.
4.3.3 KS selection
KS is reconstructed by 2 charged pions. Even though 30.7% of KS decays into π
0π0, they will
not be reconstructed because of its large systematic uncertainty.
KS reconstruction is performed by standard output of nisKsFinder [26], which expresses
KS-ness. To calculate the output, following parameters are used:
• Momentum of KS
• Flight length of KS in x-y plane
• Longer distance between IP and helix of a child pion
• Shoter distance between IP and helix of a child pion
• Angle between pKS (lab.) and pπ(KS rest)
• Angle between pKS at KS rest frame and direction in lab. frame
• Distance between 2 helices in z-direction
• Whether there is SVD hit or not
• Whether there is CDC hit or not
NeuroBayes output [27] for these quantities provides V particle-ness (where particles such
as KS , Λ, and so on are called V particle because such particles decays into 2 charged particles,
leaving tracks that look like a character “V”). In addition, non-Λ-ness is also calculated and
required, which is calculated by following parameters:
• Binned PID likelihood ratio Lπ/ (Lπ + Lp) for children
• Recalculated Λ mass replacing pions by protons
• Momenta of children
• sin θ of momenta of children
Furthermore the deviation of the reconstructedKS mass from typicalKS mass (497.672MeV)
is required to be less than 10MeV.
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4.3.4 η selection
η is reconstructed from 2 photons which is required to have deposited energy at ECL greater than
0.10GeV except the photon used as primary photon. The invariant mass of the reconstructed
η should be within a range from 515 to 570MeV as a typical η mass is 547.3MeV. η is one of
the fragments from Xs and the momentum in the CM frame should be less than 0.50GeV. In
addition the cos θ distribution of photons decayed from η as pseudo scalar particle is flat while the
distribution for the miss reconstructed η tends to have a strong peak around 1 because photons
are not back-to-back for such case. Thus the helicity angle selection cos θ < 0.8 is applied, where
the cos θ is defined by the angle between η momentum and a child photon momentum at the
rest frame of η, where a photon used in the calculation is adopted so that cos θ will be larger.
4.4 Xs reconstruction
Then Xs listed in table 4.2 are reconstructed from fundamental particles, considering charge
consistency. The condition of invariant mass of Xs system is common for each modes, mXs <
3.5GeV. In addition the 1st and the 2nd largest momenta of charged or neutral pions, p1stπ and
p2ndπ are calculated for modes with 4 pions (Mode ID 13-16). Then conditions that p
1st
π > 0.4GeV
and p2ndπ > 0.25 are applied. Furthermore the 1st and the 2nd largest momenta of neutral pions,
p1stπ0 and p
2nd
π0 are calculated for modes with 2π
0 (Mode ID 17-22), and the same conditions that
p1stπ0 > 0.4GeV and p
2nd
π0 > 0.25 are applied. These are used because pions decayed from Xs tend
to have larger momenta than pions in the jet event (continuum BG). However the momentum
distribution of pion depends on the fraction of Xs so that very loose selections are performed in
order to keep the bias for efficiencies of each modes as small as possible.
4.5 B reconstruction
B meson is reconstructed by arbitrary combinations of candidates of Xs and primary photons.
There are 2 observables in B meson reconstruction, mbc and ∆E. The mbc, beam constrained
mass, is defined as the mass of B meson calculated from the beam energy and ∆E is defined as





)2 − |p∗B|2 (4.1)
∆E ≡ E∗beam − E∗B (4.2)
where asterisk (∗) indicates that the quantity is observed at the CM frame of e+e− collision.
The reconstructed B momentum is calculated without a magnitude of photon momentum;








This scaling is adopted because typically the energy resolution of Xs (hadron system) is better
than that of photon since there is energy leakage beyond ECL.
At this point, loose selections for mbc and ∆E are applied.
• −0.15GeV< ∆E < 0.08GeV (for modes with at most 1π0 or η)
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• −0.10GeV< ∆E < 0.05GeV (for modes with 2π0 or π0η)
• mbc > 5.18GeV
The ∆E selection is different between modes with and without π0 or η because there are large
amount of background for such events. As will be described later, likelihood of ∆E is also used
as input of multivariate analysis.
Chapter 5
Background suppression
In this study there are 3types of backgounds, Cross-feed (and combinatorial), continuum, and
BB̄ background which is except B → Xsγ.
Cross-feed is the event in which B meson decays into Xsγ but B is reconstructed as wrong
decaying mode. On the other hand, combinatorial background means that B → Xsγ is recon-
structed with wrong particles. For example, in the case B− → K−π0γ, it is accidentally possible
to resonstruct as K−π0π0γ, where an additional π0 comes from the other B+ decay, and this
miss reconstructed candidate is called cross-feed background. Moreover, it is also possible to
reconstruct K−π0γ where K− comes from the other B+ decay. This case is categorized into
combinatorial background even though the considered mode is correct. Hereafter these “miss
reconstructed B candidate events” will be denoted simply cross-feed(CF) background. This CF
background is one of sources of systematic uncertainty to measure asymmetries because it will
make charge or flavor of B meson wrong.
If neither B nor B̄ decay into Xsγ, it must be also treated as background(BB̄ background).
Even though they are not dominant compared to continuum, some of them are hard to be
distinguished from signal, for example B0 → D−ρ+ following D− → K+π−π− and ρ+ → π+π0.
This is generic decay of B meson(b→ c transition) and the final state can be kinematically similar
with signal if one of γ in π0 → γγ becomes asymmetric energetic; B0 → D−ρ+ → X0s̄γ (+γ).
These events are denoted peaking background in this thesis and will cause contamination in
signal estimation. The specific suppression for these background will be discussed in section 5.1.
On the other hand, the largest source of the background is called continuum. It is e+e− → qq̄
events whose cross section is 3 times larger than that of signal. A main strategy to suppress this
background is to adopt multivariate analysis (Neural Net) using event shape parameters. This
will be described in chapter 5.2.
5.1 D mass veto
As mentioned before, BB̄ background including D meson can be the largest source of peaking
component. In order to reject such events, D meson is specifically reconstructed using some
combination of particles used to reconstruct Xs. This reconstruction attempt is performed with
every combination of kaons and pions(η’s). In the case of B → K+π−π0γ, for example, it
attempts to reconstruct D meson with K+π−, K+π0, and K+π−π0, where charge consistency
is not required to cover variety of combination. At this point there are various invariant mass
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values, then a reconstruction with the closest mass to D mass is adopted as selection quantity.
































































Figure 5.1: Xs mass vs D mass (left shows signal, right shows BB generic background)
mass for signal (left) and generic B decay background (right). The distribution of background
has strong peak around the mass of D meson thus following region is rejected:
• 1835< MD0 < 1895MeV/c2 for D0 without π0/η
• 1840< MD+ < 1900MeV/c2 for D0 without π0/η
• 1800< MD0 < 1905MeV/c2 for D0 with π0/η
• 1805< MD+ < 1910MeV/c2 for D0 with π0/η
The ranges for the D mass with and without π0/η are different because they lead a large tail. The
difference between charged D and neutral D is adopted by taking the difference of the nominal
mass into account. Thanks to this selection, sizable peaking component can be suppressed,
consequently uncertainty caused by contamination is reduced.
5.2 qq suppression
In order to suppress continuum (qq̄) background, NeuroBayes [27](One of packages of Neural
Network) as a multi variate analysis technique was used. As it is widely adopted in continuum
suppression, shape parameters of each events are useful to perform training of NeuroBayes be-
cause e+e− → Υ(4S) → BB̄ decaying events have spherical shape while continuum events have
sharp, 2jets like shape. The selection threshold is determined as its significance is maximized.
Here significance is well known criteria in statistics, which is defined by Ns/
√
Ns +Nb. First,
the input parameters of this will be explained.
5.2.1 Input parameters of NeuroBayes
Following 11parameters are adopted to calculate NeuroBayes output:
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(a) cosθ of B
(b) cosθ of thrust axis
(c) thrust value (other side)
(d) sphericity (other side)
(e) aplanarity (other side)
(f) cosθ b/w sphericity 1st axis and z axis (all of event)
(g) cosθ b/w sphericity 1st axes of signal and other side
(h) cosθ b/w sphericity 2nd axes of signal and other side
(i) cosθ b/w sphericity 3rd axes of signal and other side
(j) ∆E likelihood
(k) KSFW output
Figure 5.2 shows the distributions of each input parameters. It should be noted that some
quantities (the definition will be explained soon) are calculated by rest of event rather than signal
side. This technique is adopted because the ability to distinguish BB̄ events from continuum
background highly depends on multiplicity of the Xs decay mode. For example K4πγ event
is more spherical than Kπγ. This means that signal efficiencies depend on each Xs decaying
modes. In order to keep efficiency unity for high multiplicity modes, B from other side, which
decays into generically, is used to calculate shape parameters: thrust, sphericity, and aplanarity.
cosθ
cosθ of B can simply be calculated using reconstructed B momentum. An initial state of signal





while continuum and miss-reconstructed B events tend to have a flat distribution.
Thrust
Thrust axis is defined as the unit vector whose T quantity is the largest of all for a given set of
momenta pi (i=1, · · · , N). T is defined as following expression;
T =
∑N
i=1 |T · pi|∑N
i=1 |pi|
(5.1)
In qq̄ background 2 hadron jets fly back-to-back and tend to fly along to z-axis so that cosθ has
a strong peak at 1 for continuum background. On the other hand, events with B meson must
have a flat distribution because B is spin-0 and it decays spherically. With the same reason,
thrust scalar value T for the signal event tends to be smaller than qq̄ background.
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Figure 5.2: 11 input parameters for NeuroBayes training. Red shows signal distribution, orange
is cross-feed, blue is continuum, yellow and green are BB̄.
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Sphericity










where α, β = x, y, z. This definition is similar with thrust though this is tensor variable not
scalar. These 2 variables are highly correlated to each other, but it is useful to separate further
between signal and background by adding some quantities using this tensor. A scalar value of




(λ2 + λ3) (5.3)
where λi is the ith largest eigenvalue of S
α,β. As BB̄ events have isotropic shape of momenta,
each components of sphericity tensor tend to be similar. Thus λ2 and λ3 of signal is not very
smaller than λ1. On the other hand, qq̄ events have 2jets like shape which makes one direction
of eigenvalue larger than the other two. Thus the sum of λ2 and λ3 tends to be close to zero.
Aplanarity
Aplanarity, which is defined as (3/2)λ3, is adopted as well. This separates BB̄ and qq̄ as well as
spericity scalar. In addition cosθ between 1st sphericity axis of all of tracks and z-axis, and cosθ
of 1st, 2nd, and 3rd sphericity axises between the signal side tracks and the other side tracks
are used. This is because the axises of the signal side and the other side of qq̄ events should be
similar while that of BB̄ is typically not (random directions).
∆E likelihood
Next is ∆E likelihood, which is calculated from PDF of ∆E obtained from MC sample with
high statistics(The definition of ∆E can be seen eq 4.2). If Xs decay includes π
0 or η, the ∆E
distributions get much wider due to the worse energy resolution of photons. Thus the PDF is
prepared for 3 cases. Namely, modes without any π0 or η, modes with 1 π0 or η, and modes with
2 π0 or η. These 3 distributions are fitted with Crystal Ball functions individually, which are
shown in figure 5.3(The definition of the function can be seen eq 6.2). Since there are 3 different
PDF to obtain likelihood, the distribution of ∆E likelihood shown in figure 5.2 is uncontinuous.
KSFW
The last input parameter is KSFW [28], which is calculated as extended Fox-Wolfram moment.







where the sum is taken over any combination of given momenta. Then SFW (Super Fox-
Wolfram) calculates a Fisher discriminant with 3 parts of Hl, decomposed as whether the track
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Figure 5.3: ∆E distributions with fitting functions. N indicates number of π0+η in an assuming
Xs decaying mode.






















where indexes i, j takes tracks came from signal side, while k,m takes other side.











































where index chg means charged particles and neut means neutral particles,
∑Nt
n=1 | (pt)n | is the
sum of all transverse momenta in the event. The definitions of moments used in above expression
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0 (l : odd)
(5.7)
where Qi is charge, θiM is the angle between pi and missing momentum pmiss.
Fisher discriminant of KSFW is trained by MC samples (10streams for signal and 1stream
for continuum). The training is performed only for 2.2 < Xs mass < 2.8 GeV region. This
limitation of training is applied to avoid the training concentrate only for K∗ mass region.
5.2.2 Output of NeuroBayes
NeuroBayes training is performed using 10streams of signal and 1stream of continuum back-
ground. NeuroBayes is also trained in 2.2 < Xs mass < 2.8 GeV region for the same reason
as KSFW training. The output of NeuroBayes is shown in figure 5.4[a]. In addition, figure 5.5
shows correlation matrices for signal and continuum background.
NeuroBayes output































Figure 5.4: Output distributions of NeuroBayes and significance plot for threshould.
The optimal threshold of NeuroBayes is determined as it would maximize the significance
calculated in 2.2 < Xs mass < 2.8 GeV region (figure 5.4[b]). Thus output greater than 0.87
is adopted. This output value is used not only for the qq̄ suppression but also for the best
candidate selection.
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Figure 5.5: Correlation matrix among NeuroBayes inputs, output, and mbc.
In order to check a difference of the NeuroBayes distributions between data and MC, control
sample of B → XsJ/Ψ(the detail is explained in chapter 7) is used. Figure 5.6 shows the
comparison of NeuroBayes inputs and the output distributions between data and MC.
The figure indicates that there is a very small difference. The systematic uncertainty caused
by the difference will be estimated as a fluctuation of efficiency correction using the control
sample (see section 7.2.2).
5.3 The best candidate selection
At this point, B candidates were not reconstructed with event by event. Namely, there can be
more than one candidate of the reconstructed B meson in one event. This is performed after qq̄
suppression to reduce as many wrong candidate in an event as possible. Although the criterion
of BCS is case by case, a candidate whose NeuroBayes output is the largest is selected as the
best one in this analysis in order to have a higher signal efficiency than other criteria. This
selection achieves 87.2% of the signal efficiency as 52.8% of the cross-feed efficiency.
Figure 5.7 shows a histogram of number of signal candidates after qq̄ suppression. A mean
value of the histogram is 1.5.
A table for numbers of remained events for each selection is shown at Table 5.1. Note that
these numbers of events are counted in 5.27GeV/c2 < mbc and mXs < 2.8GeV/c
2 region (signal
peak region).
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cost {((((Xsmass<2.8)&&((d.chg2==0 && dpi0eta2==0 && (dmass2<1.835 || dmass2>1.895)) || (d.chg2!=0 && dpi0eta2==0 && (dmass2<1.840 || dmass2>1.900)) || (d.chg2==0 && dpi0eta2!=0 && (dmass2<1.800 || dmass2>1.905)) || (d.chg2!=0 && dpi0eta2!=0 && (dmass2<1.805 || dmass2>1.910))))&&(pi0prob<0.05))&&(etaprob<0.1))&&(abs(delta_e)<0.04)}
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Flr0_lun {((((Xsmass<2.8)&&((d.chg2==0 && dpi0eta2==0 && (dmass2<1.835 || dmass2>1.895)) || (d.chg2!=0 && dpi0eta2==0 && (dmass2<1.840 || dmass2>1.900)) || (d.chg2==0 && dpi0eta2!=0 && (dmass2<1.800 || dmass2>1.905)) || (d.chg2!=0 && dpi0eta2!=0 && (dmass2<1.805 || dmass2>1.910))))&&(pi0prob<0.05))&&(etaprob<0.1))&&(abs(delta_e)<0.04)}
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nb_output_finalun {((((Xsmass<2.8)&&((d.chg2==0 && dpi0eta2==0 && (dmass2<1.835 || dmass2>1.895)) || (d.chg2!=0 && dpi0eta2==0 && (dmass2<1.840 || dmass2>1.900)) || (d.chg2==0 && dpi0eta2!=0 && (dmass2<1.800 || dmass2>1.905)) || (d.chg2!=0 && dpi0eta2!=0 && (dmass2<1.805 || dmass2>1.910))))&&(pi0prob<0.05))&&(etaprob<0.1))&&(abs(delta_e)<0.04)}
Data
MC
Figure 5.6: Comparison of NB inputs and the output between data and MC using XsJ/Ψ control
sample. Blue line is data, red is MC(sum of signal and background). The order of each figures
is same with figure 5.2, and the bottom right figure shows comparison of NeuroBayes output.
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Number of candidates








Figure 5.7: Number of signal candidates after qq̄ suppression.
Cut Signal cross-feed continuum BB BG (generic,rare) significance
Reconstruction 45786 106599 7524916 905933(702879,203054) 16
π0/η veto 30385 61202 1316842 239962(130535,109427) 24
D veto 29256 50344 1032962 173099(71985,101114) 26
qq̄ suppression 14847 7241 16050 37938(7366,30571) 54
BCS 13189 3924 11917 5158(4273,885) 71
Table 5.1: Selection flow table
Chapter 6
Fitting
In this chapter, adopted PDF, how to fix parameters, simultaneous fitting to extract CP asym-
metries, and the validity of our fitting method will be discussed.
6.1 Overview
The number of event after selections can be extracted by fitting mbc distribution, which is
categorized to five types: signal, cross-feed, continuum, non-peaking component and peaking
component from BB̄ background. Different probability density functions (PDF) are adopted to
fit these distributions.
ARGUS function, which is adopted to fit continuum background, has a parameter corre-
sponding the endpoint of distribution. However, the beam energy is determined for each runs,
thus the endpoint parameter also varies for each run number. This causes the situation that
there could be events outside of the endpoint of ARGUS, In such case, ARGUS cannot fit the
distribution. To avoid this, fitted quantity is defined as
M∗ ≡ mbc − Ebeam + (endpoint) (6.1)
where Ebeam is decided value for the run by run and the endpoint value is set to 5.289GeV for
Xsγ fitting. After this correction, M
∗ must always be less than 5.289GeV/c2.
Some parameters of PDFs can be fixed by infomation from MC, off-resonance data, and
sideband region. It is especially important to fix the shape and the yields parameters for peaking
component of BB̄ background because they directly contaminate results at signal peaking region.
To do so, a good understanding of peaking component is needed.
Note that there are three kinds of fitting conditions in this study: denoted mXs division,
type division, and pattern division.
MXs division
MXs division is condition of fine sliced Xs mass region from 0.6GeV /c
2 to 2.8GeV /c2. Binning
width is 100MeV/c2 upto 2.0GeV/c2, from where 200MeV/c2.
MXs region up to 2.0GeV/c
2 is devided to each 100MeV/c2. MXs ∈ (2.0, 2.8)GeV/c2 region,
on the other hand, is devided to each 200MeV/c2. This redefinition of binning width is needed
because of worse significance of signal caused by high multiplicity. The sum of these fitting
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results gives total number of events in mXs ∈ (0.6, 2.8)GeV/c2 and hence BR (B → Xsγ). Even
though the calculation of branching ratio is not main target of this study, this is performed to
check validity of our analysis procedure. Fitting results of this condition are shown in figure 9.1.
Type division
This condition consists of Xs decaying modes and rough mXs regions. Xs decaying modes are
categorized by the number of pions, whether π0 or eta is included or not:
(a) Kaon and 1 π
(b) Kaon and 1 π0
(c) Kaon and 2 π’s
(d) Kaon and 2 π’s with 1 π0
(e) Kaon and 3 π’s
(f) Kaon and 3 π’s with 1 π0
(g) Kaon and 4 π’s with at most 1 π0
(h) 2 π0 including modes
(i) η including modes
(j) 3 Kaon’s including modes
where kaon means both charged and neutral. Hereafter this category will be called “type(d)”
or like “K2π with π0”. In addition each types are divided to 4 rough sliced regions of Xs mass:
mXs(1.15, 1.5)GeV, mXs(1.5, 2.0)GeV, mXs(2.0, 2.4)GeV, and mXs(2.4, 2.8)GeV.
This kind of fitting is performed to measure Xs decaying fragmentation in order to calibrate
efficiency of MC as mentioned in chapter 3.
Pattern division
This condition consists of B flavor ±1 ⊗ charged or neutral; namely B−, B+, B̄0, B0, and B0amb,
where B0amb means neutral B meson whose flavor cannot be decided from its decaying products.
Simultaneous fitting for this division provides CP asymmetry information(see section 6.3).
6.2 Fitting PDF
Table 6.1 is summary of PDF and parameter fixing strategy. It is important to fix as many
parameters as possible to suppress uncertainty in fitting. Ideally fixed parameters should be
decided from data(not MC), but some of them are decided by MC; cross-feed and BB̄ non-
peaking. It is difficult to decide cross-feed shape and yield by control samples. Since they
depend on Xs decaying mode, better understanding of fragmentation in MC gives more precise
shape and yields ratio. On the other hand, ARGUS function is assigned for BB̄ non-peaking
BG, which is same with continuum distribution. It is expected floated ARGUS of continuum can
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PDFs Parameters Configuration
Signal Crystal Ball Mean Fixed by B → Dπ
Width Calculated from B → Dπ
Tail(α) Fixed by signal MC
Tail(n) Fixed by signal MC
Yield Floated
Cross-feed Histogram PDF Shape Fixed by MC
Yield Proportion with signal is fixed by MC
Continuum ARGUS Endpoint Fixed by beam energy
Curvature Floated (shared with off-resonance shape)
Powers(p) Fixed by function obtained by MC
Yield Floated
BB(Non-peaking) ARGUS Endpoint Fixed by beam energy
Curvature Fixed by MC
Powers(p) Fixed at 0.5
Yield Fixed by MC
BB(Peaking) Gaussian Mean Fixed by sideband
Width Fixed by sideband
Yield Calculated from sideband
Table 6.1: Summary of PDFs
absorb the possible discrepancy of BB̄ between data and MC. Moreover, yield parameter of BB̄
non-peaking will be calibrated using data after box opening (see section 6.2.3.2). In addition,
signal tail parameters are also fixed by MC. The systematic uncertainty caused by this fixing
should be investigated carefully. The detailed strategy to estimate it is explained in section 11.3.
6.2.1 Signal distribution
Signal mbc distribution has a peak at the B meson mass with a tail in lower mass region because
of energy leakage in π0 or η decaying into 2γ. This is caused by a shortage of ECL crystal
length to absorb electromagnetic shower. Traditionally, such distribution is fitted with Crystal
Ball Shape (CBS)






























x̄ and σ are parameters for the peaking part, while α and n are for the tail part.
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In order to fix shape parameters for the peaking part, B → Dπ± is reconstructed. The fast
charged pion is found instead of hard photon (section 4.2), and D meson is also reconstructed
using particles found in section 4.3. Thus, characteristics of this control sample is similar with
signal Xsγ. In addition, Dπ
± allows quite clean analysis. Note that D meson cannot decay to
some modes in table 4.2 (for example K±π0). Reconstructed modes for this control sample are
shown in table 6.2.
Mode ID Final state Mode ID Final state Mode ID Final state
1 K+π− 14 KSπ
+π+π−π− 27
2 KSπ










7 K+π−π0 20 33
8 KSπ
+π0 21 34 K+K−KS
9 K+π+π−π− 22 35 K+K+K−π−
10 KSπ
+π−π− 23 36 K+K−KSπ
+
11 K+π+π−π0 24 KSη 37
12 KSπ
+π−π0 25 38 K+K−KSπ
0
13 K+π+π+π−π− 26
Table 6.2: Reconstructed Xs modes
Figures 6.1 show the fitting results of B → Dπ data, B → Dπ MC, and B → Xsγ MC,
respectively. A distribution of B → Dπ data is fitted, as fixing tail parameters by B → Dπ
mbc


























































Figure 6.1: B → Dπ data(left), B → Dπ MC(center), and B → Xsγ MC(right). The distribu-
tion of data is fitted by Gaussian(red dotted line) and ARGUS. Blue line shows total PDF.
MC fitting because the tail parameters have wide space to float unless the curvature and the
yield of continuum BG is fixed. Any other parameters are floated. Tail parameters cannot be
decided by this method not only because of this fitting problem but also the difference between
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Dπ and Xsγ as long as fragmentation of D meson decays is defferent from that of Xs. Thus
only peaking parameters, namely mean and width, can be decided by this method. In addition,
width parameter depends on tail shapes and is a little different for D meson and Xs. In order
to correct this difference, a ratio between width parameters of Xsγ and Dπ reconstructions in
MC are calculated and obtained width parameter is calibrated with this ratio value;





Cross-feed is B → Xsγ events in which B meson is miss-reconstructed. The situation can be
categorized as:
• The expected mode is correct while wrong particles (from another B meson) are used.
• The particles used in reconstruction are correct while the expected mode is wrong (namely
the lack of reconstruction particles).
It can occur that both expected mode and used particles are wrong. The second case causes a
serious background because it becomes the source of the dilution factor for ∆ACP measurement;
namely, a misinterpretation of Xs modes can lead flavor flip and underestimation of CP asym-
metries. In order to take the dilution effect into account, cross-feed should be decomposed into
2parts: flavor unflipped and flipped events. Strictly speaking, for 5 patterns of reconstructed
B mesons to be fitted(see section 6.3), each pattern has 5 types of cross-feed background dis-







true(flavor flipped), and B
amb
true(flavor ambiguous). The last
term should be cancelled because B+ has same amount of such cross-feed. Figure 6.2 shows 5
cross-feed distributions, where each one of them consists of 5 distributions assuming the pattern
of true B. In order to fit the cross-feed, these histograms are used as PDF. Yield parameters
are related to that of signal, thus proportionality constants between number of signal and that





































Here, r’s are assumed to be the same when “flipness” of flavor and combination of charges of









Thus the number of constants to be fixed is 13. Table 6.3 shows proportionality constants
between cross-feed and signal obtained by MC, where values are corrected by assuming Xs
decaying fraction(see section 8.4). Note that this cross-feed decomposition is adopted only for
asymmetry fitter; fitting to obtain Xs fraction and branching ratio are performed with cross-
feed proportionality constants calculated by N recCF /Nsig because dilution effects do not have to
be assumed in such fittings.
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Figure 6.2: Cross-feed distributions decomposed into MC truth. Orange line shows B−true, light
green is B+true, cyan is B̄
0
true, cerulean is B
0
true, and navy blue is B
amb
true.










B−true 0.534 0.144 0.377 0.049 0.192
B+true 0.144 0.534 0.049 0.377 0.192
B̄0true 0.319 0.099 0.344 0.027 0.055
B0true 0.099 0.319 0.027 0.344 0.055
Bambtrue 0.272 0.272 0.041 0.041 0.515
Table 6.3: The proportionality constants between signal and cross-feed calculated from MC. The
calibration using Xs fractions is already performed. Some of them are required to be equivalent.
6.2.3 BB̄ background
Gaussian and ARGUS functions are adopted to fit BB̄ peaking and non-peaking BG, respec-
tively. In this section, the strategy to fix them will be discussed.
6.2.3.1 Peaking component
How to fix the peaking component is one of the biggest problem to be solved.
BB̄ peaking component mainly consists of B decay including π0 or η if it asymmetrically
decays into 2γ′s, and the more energetic photon will be misidentified as a primary photon of
Xsγ. Such events have almost identical final state with signal and thus should be estimated as
carefully as possible, even though large amount of them can be rejected by the event selection
with π0/η probability explained in section 4.2 and D-mass veto described in section 5.1. For
example, Xsη → Xsγγ tends to have large peaking component(see figure 11.2).
The sideband regions of π0/η probability in data sample is useful to decide parameters for
BB̄ peaking components, because a dominant component of higher π0(η) probability region is





> 0.5 and P (η) < 0.2). The figure is obtained using MC for BB̄ generic
decays. The region is decided as contamination of signalXsγ and η originated BG are suppressed
while as many π0 originated BG can be maintained as possible.
BB̄ peaking component is fitted with Gaussian. Shape parameters of Gaussian for various
conditions about a parent particle of photon(π0/η/others) and Xs mass regions, are compared
using MC. As a result, each peaking the shapes are independent of those conditions. Thus
peaking shapes can be decided by wide Xs mass region (1.8, 2.8)GeV/c
2 in π0 probability
sideband, where signal Xsγ hardly exists so that the shape estimation of the background is easy.
Figure 6.4 shows a fitting result of π0 probability sideband of data sample.
On the other hand, the number of remained peaking background (so-called yield parameter)
depends on Xs mass region, parent of photon, and expected Xs decay modes, thus individual
estimations for each fitting conditions described in section 6.1 are needed. The yield parameters
can be lead from MC at first. Then in order to correct the difference between data and MC, a
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Figure 6.3: π0 probability vs η probability. Sideband region and signal region are shown inside
of black line.
mbc

























Figure 6.4: Fitting of data sideband distribution in mXs region (1.8, 2.8)GeV/c
2 to determine
shape parameters of Gaussian. Red line is total PDF, blue dotted line is ARGUS, red dotted
line is fixed Xsγ, and violet dotted line is peaking component of BB̄.
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Figure 6.5 shows an example to determine peaking BG yield using case that B− → X−s γ. In
mbc










































































(c) MC signal region
Figure 6.5: Comparison of fitting results. Red dotted line shows fixed Xsγ event, violet is BB̄
peaking fitted by Gaussian, and blue is a floated continuum ARGUS.
this case, peaking BG in signal region of MC is estimated to be 265.3±50.5. On the other
hand, that in π0 probability sideband regions of MC and data are estimated to be 406.2±73.6
and 631.7±101.1, respectively. Thus peaking BG in signal region of data can be evaluated as
412.5±127.0.
There is a problem to be solved. This calculation of parameters and errors failed for the case
when the number of peaking background is nearly zero. It means that, however, the contribution
of peaking background to signal estimation is negligible. Thus following exceptions of calculation
are adopted;
• If NDATAsideband is zero consistent, yield parameter in signal region is fixed to zero with errors
obtained by MC study.
• If NMCsideband is zero consistent, parameter is fixed to NMCpeaking with errors obtained by MC
study.
In estimation of events in sideband, it should be noted that signal B → Xsγ remains in
sideband thus they should be taken into account. Number of such events was estimated and
fixed by MC. Again, in order to correct the difference between MC and data, number of events
in each Xs mass bins were weighted with ratios between MC and values estimated in preveous
analysis at Belle [21]. Figure 6.6 shows partial branching fraction measured in that study. Then,







At first, we were planning to apply the same procedure for η → γγ originated peaking
BG. As various size and conditions of sideband regions were investigated to obtain relevant
distributions, however, we discovered that the η probability has poor potential to distinguish
η → γγ background from signal Xsγ events and it was difficult to decide η → γγ peaking
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Figure 6.6: B → Xsγ partial branching fraction measured with full data of Belle(711fb−1)
component by this method. Since the number of η → γγ events is estimated just nealy one-
third of π0 → γ events, the contribution from η → γ is not expected to be large, thus they are
categorized other originated peaking component, which are decided by MC. In order to correct
the difference between data and MC, branching ratio in PDG of exclusive(inclusive) peaking
component except π0γγ originated events is compared with MC configulation. As a result,
in BB̄ rare decaying MC used in this analysis, expected branching ratio of Xsη(except Kη,
K∗) is larger than various measurements. Table 6.4 is comparison between measurements and
assumptions. To correct this difference, events including B → Xsη decay is scaled by 0.617 for
K±η(10−5) K∗±η(10−5) X±s η(10
−5) K±η(10−5) K∗±η(10−5) X±s η(10
−5)
MC 0.27 1.93 38.7 0.19 1.59 41.1
PDG 0.24± 0.04 1.93±0.16 0.123+0.027−0.024 1.59±0.10
26.1± 3.0 26.1± 3.0
Table 6.4: Comparison of branching ratios
charged modes and 0.594 for neutral modes. According to table 13.1 peaking component caused
by Xsη is not dominant. Thus, since there is only a few events in which the number of peaking
BG about η → γγ decreases, systematic uncertainty caused by this scaling can be ignored.
The upon estimation of systematic uncertainty of these other originated peaking BG, the
fluctuation of number of events is decided to be ±20%, which is about twice the uncertainty of
measured inclusive η+anything branching ratios (namely (26.1± 3.0)×10−5) listed in table 6.4.
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6.2.3.2 Non-peaking component
BB̄ non-peaking component can be fitted with ARGUS function, which is defined by following
expression;














where E is a parameter of the endpoint of the function(a limitation of event existence), c is
a curvature parameter. There must not be any event larger than endpoint otherwise ARGUS
cannot match the distribution. Thus a parameter E should be fixed to the beam energy E∗beam,
which is same one used in mbc definition (section 4.5).
BB̄ non-peaking component is not dominant background in this analysis. Rather very small
amount remains after various selections. This sounds fine for statistical problem, but small
statistics also means that the distribution is hard to determine when the shape parameters
are floated. In fact, it was found that floating curvature of the distribution causes serious
underestimation of a signal peak because ARGUS can make slow peak just below the endpoint.
This slow peak tends to take yield away from the Crystal Ball of signal and result in about 20%
bias of pull distribution for signal yield.
To avoid this problem, the curvature of BB̄ non-peaking ARGUS should be fixed by MC.
Since the curvature of continuum ARGUS was floated instead of BB̄ non-peaking ARGUS, the
uncertainty from difference between MC and data can be absorbed by this (even for higher Xs
mass region in which BB̄ non-peaking remains much, qq events is the most dominant back-
ground). Therefore, any parameters of BB̄ non-peaking component are fixed by MC.
In addition, yield parameter of BB̄ non-peaking component is calibrated using data af-
ter box opening by following procedure. At first yield parameter obtained from MC out of
signal peaking region(mbn < 5.27GeV/c
2) is assumed, which is denoted N sideMC . Then BB̄ non-
peaking in data distribution can be extracted by subtracting cross-feed and continuum distri-
bution, where cross-feed is estimated by MC. Continuum distribution, on the other hand, can
be evaluated from off-resonance distribution with correction of luminosity and cross section;(
711fb−1/89.5fb−1
)
× (10.52GeV/10.58GeV )2. In the second term, the fact that the cross sec-
tion is inversely proportional to center of mass energy is used. Thus number of BB̄ non-peaking
component in mbc < 5.27GeV/c
2 in data can be estimated, denoted N sidedata. Figure 6.7 show com-
parisons between data distribution and sum of cross-feed and continuum stacked distribution
for charged and neutral conditions(pattern division, described in section 6.1).
In this way BB̄ non-peaking distribution in data can be obtained, then the distribution
is fitted with the histograms of MC to evaluate scaling factors. Figure 6.8 shows the fitting
results, where plots with error is extracted BB̄ events in data and red line shows a histogram
PDF obtained by MC. Scaling factors for charged and netral distributions can be estimated at
1.516±0.087 and 1.787±0.097 respectively.
6.2.4 continuum background
The events came from e+e− → qq̄ is the most dominant source of background. Such distribution,
however, can be well expressed by ARGUS distribution. In order to adjust slope behavior to
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Figure 6.7: Comparison between data distribution(plot) and cross-feed(orange) + contin-
uum(blue).
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Figure 6.8: The estimated BB̄ non-peaking distributions in data(plot) fitted by histogram PDF
of MC(red line).
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the distribution, generalized ARGUS function is used to fit continuum background;















where c and E are parameters of curvature and endpoint as well as nominal definition of ARGUS
function used for BB̄ non-peaking component, and p is a slope parameter which decides how
sharp the slope is.
Since curvature of BB ARGUS was fixed, above c is the only shape parameter for BG in
our fitter. Thus it cannot be fixed even though signal yield very fluctuates as c does. In
order to determine c correctly, off-resonance data, which consists of only continuum events,
is fitted simultaneously by ARGUS sharing the c parameter with on-resonance. Figure 6.9 is
a comparison of curvatures between on- and off-resonance by MC, where mbc distributions in
each Xs mass bins are fitted by ARGUS (p is fixed by 0.48 to avoid uncertainty caused by p
fluctuation). Good consistency is seen, thus a shape of off-resonance can be considered the same
with that of on-resonance.
 masssX














Figure 6.9: Comparison between on- and off-resonance(red and blue lines, respectively) curvature
(MC)
Furthuremore, Xs mass dependence of p parameter was checked both with MC and data in
off-resonance. This study was performed for fitting of mXs division. Figure 6.10 shows a fitting
result of the dependence with 3rd order polynomial using on-resonance MC. Off-resonance data
cannot be used because of its poor statistics. In order to rectify obtained p parameter with
data, ∆p is defined as a difference between p parameters obtained from fittings using total
off-resonance data and MC (figure 6.11[a] and [b], respectively).
As a result, correction of MC can be evaluated to be ∆p = 0.045 ± 0.027. Similarly, p pa-
rameter in mbc fitting for asymmetry measurements was fixed using on-resonance MC, corrected
by this ∆p (section 6.3).
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 / ndf 2χ  27.16 / 15
p0        0.1369± 0.8358 
p1        0.2535±0.9451 − 
p2        0.147± 0.6614 
p3        0.02694±0.1367 − 
MC on-resonance
Figure 6.10: mXs dependence of slope parameter fitted with 3rd order polynomial(red line) using
on-resonance MC.
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 0.82±function_Argus_c =  4.59 
 0.011±function_Argus_p =  0.438 
 338±function_Argus_yields =  114403 
[a] Total off-resonance (MC)
mbc




















 1.9±function_Argus_c =  0.2 
 0.025±function_Argus_p =  0.482 
 149±function_Argus_yields =  22076 
[b] Total off-resonance (Data)
Figure 6.11: Comparison of off-resonance distributions between MC(left) and data(right)
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6.2.5 Fitting performance
Figure 6.12 shows an example of mbc fitting, which is the distribution of K1π with π
0, namely
K±π0 or Ksπ
0 modes in Xs mass region (1.5, 2.0)GeV for type division. Here a fitting region
mbc_end

























mxs(1.5,2.0) K1Pi w/ Pi0(only 1)
+ Signal
     yield = 1288.42 +/- 51.4522
     mean = 5.279520 +/- 0.000008 (fixed)
     width = 0.002790 +/- 0.000018 (fixed)
     alpha = 2.422190 +/- 0.006503 (fixed)
     n = 1.117920 +/- 0.009126 (fixed)
     CF/Signal ratio = 0.974816 +/- 0.003763 (fixed)
+ Continuum
     yield = 13314.8 +/- 146.904
     c = 1.047959 +/- 1.324101
     p = 0.455086 +/- 0.000012
+ BB peaing
) = 64.2893 +/- 55.069 (fixed)0π     yield(
     yield(other) = 15.7531 +/- 9.13737 (fixed)
     mean = 5.279900 +/- 0.000243 (fixed)
     width = 0.003767 +/- 0.000122 (fixed)
+ BB non-peaking
     cont. yield = 679.378 +/- 28.0286 (fixed)
     cont. c = -34.354800 +/- 4.998550 (fixed)
+ Discrimination
 = 0.9256062χ     
     covQual : 3
Figure 6.12: A fitting example. The plot is mbc distribution of K1π
0γ in mXs ∈ (1.5, 2.0)GeV/
c2. Red line is the total PDF, red dotted line is Crystal Ball for signal, yellow is cross-feed, blue
is ARGUS for continuum, green is ARGUS for BB̄ non-peaking, and violet is Gaussian for BB̄
peaking.
is mbc(5.2, 5.29)GeV. In order to determine ARGUS shape well, a wide region out of a signal
peak is adopted.
As we know, a pull distribution for a Toy-MC study is useful sign to check relevance of






where Ytrue is a number of generated events of toy distribution, Yobserved is a extracted number
of events from fitting, and δY is error of fitting parameter Yobserved. When a pull distribution is
fitted with Gaussian, a result with mean equal to 0 and width equal to 1 shows a relavance of
fitting.
Figures from 6.13 to 6.15 show pull distributions for mXs and type division described at
section 6.1. According to figure 6.13, at most about 0.5σ bias can be seen in high mXs region.
This a slight bias, however, will not contribute to our target measurements(∆ACP , ∆0−, and
ACP variables) because it is cancelled between flavor + and -, or isospin. This fact is ensured
by pull distributions of asymmetry measurements, which is seen in figure 10.1 at section 10.1.
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sigPull of N










mxs(0.7, 0.7)  / ndf 2χ  118.6 / 63
Constant  1.35± 30.68 
Mean      0.032± 0.298 
Sigma     0.028± 0.927 
sigPull of N










mxs(0.8, 0.8)  / ndf 2χ  72.45 / 64
Constant  1.30± 31.17 
Mean      0.03341±0.07596 − 
Sigma     0.0268± 0.9597 
sigPull of N






mxs(0.9, 0.9)  / ndf 2χ  83.46 / 66
Constant  1.4±    33 
Mean      0.030± 0.104 
Sigma     0.0223± 0.8905 
sigPull of N









mxs(1, 1)  / ndf 2χ  64.23 / 63
Constant  1.24± 30.99 
Mean      0.0331± 0.0576 
Sigma     0.0243± 0.9749 
sigPull of N










mxs(1.1, 1.1)  / ndf 2χ  98.76 / 65
Constant  1.32± 30.26 
Mean      0.0327± 0.1252 
Sigma     0.0281± 0.9574 
sigPull of N









mxs(1.2, 1.2)  / ndf 2χ   96.3 / 63
Constant  1.27± 31.04 
Mean      0.0327± 0.1141 
Sigma     0.0242± 0.9434 
sigPull of N










mxs(1.3, 1.3)  / ndf 2χ  109.7 / 60
Constant  1.33± 31.27 
Mean      0.0322± 0.2141 
Sigma     0.0263± 0.9209 
sigPull of N










mxs(1.4, 1.4)  / ndf 2χ  70.33 / 66
Constant  1.29± 31.45 
Mean      0.032± 0.115 
Sigma     0.0250± 0.9507 
sigPull of N









mxs(1.5, 1.5)  / ndf 2χ  79.49 / 68
Constant  1.25± 29.22 
Mean      0.0346± 0.1172 
Sigma     0.029± 1.014 
sigPull of N









mxs(1.6, 1.6)  / ndf 2χ  70.46 / 61
Constant  1.36± 31.44 
Mean      0.03293± 0.06801 
Sigma     0.0288± 0.9544 
sigPull of N










mxs(1.7, 1.7)  / ndf 2χ  70.27 / 66
Constant  1.21± 29.35 
Mean      0.03535± 0.04459 
Sigma     0.028± 1.028 
sigPull of N






mxs(1.8, 1.8)  / ndf 2χ  86.59 / 65
Constant  1.26± 30.06 
Mean      0.0338± 0.1295 
Sigma     0.0274± 0.9806 
sigPull of N









mxs(1.9, 1.9)  / ndf 2χ  88.08 / 67
Constant  1.29± 30.49 
Mean      0.03282± 0.07348 
Sigma     0.0265± 0.9618 
sigPull of N






mxs(2, 2)  / ndf 2χ  122.4 / 63
Constant  1.35± 30.62 
Mean      0.0323± 0.2307 
Sigma     0.0279± 0.9244 
sigPull of N









mxs(2.1, 2.1)  / ndf 2χ  67.19 / 66
Constant  1.37± 32.59 
Mean      0.0307± 0.2088 
Sigma     0.0250± 0.9177 
sigPull of N









mxs(2.2, 2.2)  / ndf 2χ  77.63 / 64
Constant  1.32± 31.65 
Mean      0.032± 0.306 
Sigma     0.025± 0.939 
sigPull of N









mxs(2.4, 2.4)  / ndf 2χ  137.9 / 64
Constant  1.2±  28.3 
Mean      0.0345± 0.2615 
Sigma     0.0259± 0.9802 
sigPull of N










mxs(2.6, 2.6)  / ndf 2χ  112.3 / 63
Constant  1.3±  28.3 
Mean      0.0355± 0.6337 
Sigma     0.034± 1.012 
sigPull of N









mxs(2.8, 2.8)  / ndf 2χ  73.71 / 65
Constant  1.31± 31.86 
Mean      0.0314± 0.4919 
Sigma     0.0243± 0.9333 
Figure 6.13: Pull distributions for Xs mass regions
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K1Pi w/ Pi0(only 1)










K1Pi w/ Pi0(only 1)








K1Pi w/ Pi0(only 1)
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K2Pi w/ Pi0(only 1)








K2Pi w/ Pi0(only 1)










K2Pi w/ Pi0(only 1)








K2Pi w/ Pi0(only 1)







































Figure 6.14: Pull distributions for Xs decaying modes(1)
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Figure 6.15: Pull distributions for Xs decaying modes(2)





















Figure 6.16: Pull’s mean value vs mXs
Furthermore, a linearity of fitter replies was checked, where toy distriburtions for signal were
generated with various assumptions of numbers of events. Then 2D plots of input values of
signal events against output of fitter replies are obtained and fitted by linear function. A slope
equal to 1 (and an intercept equal to 0) are expected for an ideal fitter, though these parameters
tend to be deviated from the expected values when typical input of number of events are large.
Namely, a significant deviation from ideal value of parameters of this linear function does not
mean a significant problem, unlike a pull distribution. Figures 6.17 shows the slope parameters
mxs































































[b] Reconstructed mode decomposition
Figure 6.17: The linearity results for mXs division(left) and type division(right). Y axis means
the slope parameter of the linearity.
for each fitting conditions. A typical statistical fluctuation of signal yield is O(10) and an effect
caused by a deviation of a slope parameter from 1 is much smaller than this fluctuation. Thus
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a reply of our fitter is proved to be independent on the used conditions.
6.3 Simultaneous fitting
In order to extract various asymmetries(CP asymmetry ACP and isospin asymmetry ∆0−) si-
multaneous fitting is performed for five types of mbc distributions described at section 6.1 as
pattern division:
• B− → Xsγ (Chraged/b flavor +)
• B+ → Xs̄γ (Charged/b flavor -)
• B̄0 → Xsγ (Neutral/b flavor +)
• B0 → Xs̄γ (Neutral/b flavor -)
• /B → X/sγ (Flavor ambiguous modes)
where the last modes denoted with slashed B( /B) are neutral B decay with neutral kaon charge
summation, e.g. B0 → Ksπ0γ, B0 → K+K−Ksπ0γ, and so on. These modes are treated apart
from others because the b flavor of them cannot be decided from the final states. Charged modes
are assigned to the categories with the same charge, and neutral modes with K± (for 3K modes,



















































Note that n’s in above expressions are not just fitting yield parameters but divided by efficiencies
ϵB± , ϵB0 , and ϵ /B0 . Furthermore, G is not a simple total number of events but lifetime and fraction
ratios of B meson is taken into account for simplicity of parameterization. Using above fitting
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where R indicates a product of life time ratio τB+/τB− and f+−/f00. Efficiencies are estimated
by signal MC at first, then corrections for reconstruction, selection, difference between data and
MC, and fragmentation calibration are performed. This will be discussed in later chapters.
In addition to these quantities, total ACP (denoted ACP without superscript) and mean






































1 + ∆0− − 2f
) (6.14)
For background distributions, the fitting strategy is same with that in mXs division. Contin-
uum curvature for charged and neutral modes are shared with off-resonance distributions. Here
neutral B0 and flavor ambiguous /B
0
are treated as different distributions because fragmenta-
tions are different; namely, off-resonance data is divided 3 distributions, charged, neutral, and
flavor ambiguous.
In addition, p is fixed by on-resonance MC, corrected by ∆p(difference between MC and data)
which is evaluated in section 6.2.4. Thus floated parameters are A±CP , A
0
CP , ∆0−, G, f, c
±, and
c0 (where c± and c0 denotes continuum curvature for charged and neutral modes). Figure 6.18
shows MC results for the simultaneous fitting, where MC is extracted 1stream statistics randomly
from multiple streams, and fitting parameters are decided only with MC(namely without any
corrections for data fitting descibed in this chapter).
mbc_end




















Chraged / b flavor +1 (on-resonance)
mbc_end




















Charged / b flavor -1 (on-resonance)
mbc_end



















Neutral / b flavor +1 (on-resonance)
mbc_end



















Neutral / b flavor -1 (on-resonance)
mbc_end


















































































Figure 6.18: Simultaneous fitting results(MC). The colors are same with figure 6.18
Chapter 7
Efficiency correction
Since extracted number of signal events from fitting is a value after reconstruction and back-
ground suppression, the value should be devided by the efficiency to obtain the interesting
physical value before any analytical procedures. Here efficiency is estimated by MC simulation.
There can be, however, various differences between data and MC, for example tracking efficiency,
NeuroBayes distributions, and so on. Thus efficiency should be corrected for each selection pro-
cedures. In this section, individual corrections for reconstructions, background suppressions,
and best candidate selection are considered.
7.1 Reconstruction efficiencies
Efficiency correction of particle reconstructions discussed in chapter 4 are evaluated individually.
Since efficiency difference for each particles is studied so far, what we should do here is to
calculate total correction for each Xs decaying mode, and to take summation of them with
weighted factors assuming fragmentation. Furthermore, if the mode includes K± or π±, K/π
identification correction should be also taken into account.
7.1.1 Reconstruction of primary photon
The efficiency of high energy photon is obtained by radiative Bhabha events; B → e+e−γ. The
effects came from π0 and η veto are taken into account by comparing with and without vetoes.
A result of the estimated uncertainty of the photon detection is 2.2%.
7.1.2 Reconstruction of Xs children
Reconstruction of charged particles
The high momentum track finding efficiency ratio has been measured by comparing partial
and full reconstruction of D∗ → πsD0, where πs indicates a slow pion and D0 decays into
ππKs and Ks decays into π
+π−(bn1165). Partial reconstruction means that one of the charged
pions decayed from Ks is not reconstructed explicitly. The momentum of that pion can be
determined by various kinematic constraints. On the other hand, full reconstruction means all
of particles are explicitly reconstructed. A track finding efficiency is defined a ratio between
numbers of events by these two reconstructions. From this analysis, a ratio between data and
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MC can be determined as 99.87±0.30% for high momentum charged particles. For slow particles,
102±3.48% is taken for SVD1 data while 98.6±1.36% is taken for SVD2. In order to estimate the
correction precisely, the momentum distributions of charged particle for each Xs fragmentation
are checked and these efficiency ratios are summed by weight individually, where the errors for
multiple charged particles are simply summed.
Reconstruction of π0 and η
Efficiency ratio of π0 reconstruction has been estimated(bn645), where η decay mode with η’s
momentum > 2GeV are used. Since 2γs with energy greater than 50MeV are used to reconstruct
π0 in this analysis, a data-MC ratio is estimated as 92.4±1.42%. Although the momentum
condition for π0 is larger than 100MeV(section 4.3.2), both π0 and η momentum distribute
almost larger than 200MeV according to MC because a tight cosine selection for two photons is
applied.
Reconstruction of Ks
Efficiency ratio ofKs has been estimated(bn1437), where both ratios using goodKs and nisKsFinder
were evaluated. As a result, efficiency ratio ofKs reconstruction using nisKsFinder is 97.73±0.17%.
The final results of efficiency ratios for each modes are summarized in table 7.1.
7.1.3 K/π identification efficiency
The uncertainty of charged K/π identification(PID) is studied in [29]. It was performed using
D∗+ → D0π+ with D0 → K−π+ events, in which one can identify K− and π+ almost perfectly
by their charge, so that the efficiency and the mis-identification rate for data can be calculated.
Then its distribution against kaon momentum was compared with that of MC and discrepancy
was estimated. The corrections for each Xs decaying modes were calculated in [21]. Since
the expected modes are exactly same with the study, the values can be reused in this study.
Table 7.1 includes PID efficiency ratios for each modes.
7.1.4 Reconstruction efficiency ratio for multiple case
Reconstruction efficiency ratio for each decay types can be calculated as linear combination
of individual efficiency ratios for particles which construct the decay type weighted by its

















assuming isospin symmetry (where former case is twice larger than latter).
Except K1π with and without π0, however, fragmentation of each Xs mode with more than 3
final state products cannot be expressed easyly, thus that of MC is used to be weighted. When
the type includes charged K± or π±, K/π ID efficiency ratio should be also taken into account.
Efficiency in each Xs mass bins can be calculated as same way. Table 7.2 and 7.3 are effi-
ciency differences for each Xs types division and each mXs regions assuming MC fragmentation
(note that these values are after PYTHIA parameter tuning described at section 8.2).
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Mode Reconstruction(%) PID(%) Mode Reconstruction(%) PID(%)
1 99.7±0.6 96.2±1.6 20 88.4±1.8 98.2±1.1
2 97.6±0.4 96.3±0.8 21 90.2±2.0 98.9±3.1
3 95.1±1.0 99.9±0.8 22 88.2±1.9 97.1±2.2
4 93.0±0.9 100.0±0.0 23 95.1±1.0 100.3±0.9
5 99.5±0.9 94.6±2.6 24 93.0±0.9 100.0±0.0
6 97.4±0.6 94.1±1.8 25 94.9±1.1 98.7±2.0
7 94.9±1.1 97.7±1.8 26 92.9±1.0 97.9±1.0
8 92.9±1.0 97.2±0.9 27 90.5±1.8 100.6±1.0
9 99.4±1.2 94.4±3.8 28 88.6±1.8 100.0±0.0
10 97.2±0.9 93.6±2.9 29 94.7±1.3 98.0±3.1
11 94.7±1.3 96.9±2.9 30 92.7±1.1 97.6±2.2
12 92.7±1.1 96.0±1.9 31 90.3±1.9 99.8±2.2
13 99.1±1.6 95.0±5.0 32 88.4±1.8 99.3±0.9
14 97.0±1.3 94.7±4.0 33 99.6±0.9 103.0±2.9
15 92.6±1.3 97.1±4.1 34 97.4±0.6 102.3±2.0
16 94.5±1.5 95.9±3.2 35 99.4±1.3 102.1±2.2
17 90.5±1.8 100.8±1.0 36 97.3±0.9 103.0±4.2
18 88.6±1.8 100.0±0.0 37 94.8±1.3 101.5±3.1
19 90.3±1.9 99.0±2.0 38 92.8±1.1 104.4±3.3













Table 7.2: Reconstruction and PID efficiency difference between data and MC for each Xs types
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MXs(GeV/c
2) Reconstruction(%) PID(%) MXs(GeV/c
2) Reconstruction(%) PID(%)
0.6-0.7 97.12±0.33 97.53±0.61 1.6-1.7 94.66±0.32 96.65±0.61
0.7-0.8 97.15±0.32 97.46±0.60 1.7-1.8 94.38±0.32 96.65±0.63
0.8-0.9 97.16±0.32 97.44±0.60 1.8-1.9 94.26±0.32 96.67±0.64
0.9-1.0 97.21±0.33 97.43±0.64 1.9-2.0 94.19±0.32 96.75±0.64
1.0-1.1 97.21±0.32 97.42±0.62 2.0-2.1 94.11±0.32 96.77±0.65
1.1-1.2 96.19±0.29 96.84±0.54 2.1-2.2 94.03±0.33 96.78±0.66
1.2-1.3 95.79±0.33 96.66±0.60 2.2-2.4 93.97±0.34 96.78±0.68
1.3-1.4 95.33±0.34 96.57±0.64 2.4-2.6 93.93±0.34 96.79±0.70
1.4-1.5 95.23±0.30 96.69±0.57 2.6-2.8 93.91±0.35 96.79±0.70
1.5-1.6 94.90±0.32 96.64±0.61
Table 7.3: Reconstruction and PID efficiency difference between data and MC for each mXs
regions
7.2 BG suppression effciency
The corrections in efficiencies for each background suppression are estimated using control sam-
ples. Control sample must satisfy following conditions:
• It has a similar characteristics with Xsγ.
• Xsγ must not contaminate.
• BG should be suppressed easily(equivalently, number of signal should be extracted easily).
B → Dπ± is one of examples of control sample; D meson and fast pion correspond to Xs and
primary photon, it requires no energetic photon so that Xsγ does not contaminate, and one can
see that there is quite few BG(see figure 6.1).
A basic idea to estimate efficiency correction of BG suppression is that taking ratio between
efficiencies of control sample for data and MC. That is because well signal extraction is required.
Although B → Dπ seems to be an ideal control sample, D-veto selection clearly cannot apply
to Dπ because pseudo Xs is exactly D meson. In order to make systematic uncertainty about
the correction as small as possible, it is better to use the same control sample to estimate the
corrections for every BG suppressions. Thus we adopted B → XsJ/ψ with leptonic decay of
J/ψ for this purpose. The detail will be explained at section 7.2.1.1.
7.2.1 D-veto efficiency
7.2.1.1 B → XsJ/ψ control sample
In order to estimate D-veto efficiency correction, B → XsJ/ψ is reconstructed. Leptonic decay
of J/ψ(µ± or e±) is adopted because of its high accuracy and dominance of signal (continuum
background is much suppressed when di-lepton is required). Reconstructed Xs decaying modes
are same as signal B → Xsγ case. J/ψ → l+l−, which is a recoil system against Xs, has too
heavy mass to be treated as corresponding to a primary photon in B → Xsγ (Xs mass must
be restricted to be below about 2GeV/c2). To avoid this problem, one lepton created from J/ψ
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is treated as corresponding primary photon, while the other lepton is assumed as a daughter
particle of “Xs+lepton” system.
There is an ambiguity to select which lepton to be related primary photon in Xsγ. For
neutral B, a lepton with higher energy is interpreted as “primary” lepton. For charged case,
on the other hand, a lepton with same charge of Xs is used as “primary”, so the one can make
X±s + l
∓ system neutral.
Following conditions are required to find electron(muon) to reconstruct J/ψ;
• Slection using impact parameters |dr| <0.5(cm), |dz| <5.0(cm)
• eid>0.6 (µ likelihood>0.9)
• |ptot| >0.4 (0.8)(GeV/c)
• pid<0.6 (only for muon)
• Not electron candidate (only for muon)









































































Figure 7.1: D mass distributions of MC(left) and Data(right)
Figure 7.1 shows distributions of reconstructed D mass against invariant mass of Xs+l
±
system. A procedure to reconstruct D is exactly same as discussed in section 5.1.
7.2.1.2 Correction of K1(1270) fragmentation
Data and MC distributions of the Xs mass are compared to ensure their consistency. Since
D-veto is applied before qq̄ suppression, there are unnegligible BG to be subtracted. Both mXs
distribution and number of events for BG are needed for this purpose. The distribution is
obtained from mbc sideband(mbc < 5.265GeV/c
2) and yield in signal regio(mbc > 5.27GeV/c
2)
is calculated using ratio of ARGUS yields for mbc fittings between sideband and signal region.
Then signal mXs distribution is introduced by subtraction of scaled BG distribution.
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Figure 7.2[a] shows a comparison between data(red line) and MC(a stack), where the data
distribution is extracted by above method. As we can see, the fraction of B → K1 (1270) J/ψ
of data is much smaller than that of MC.
mxs














[a] Comparison of data and MC
mxs


























Figure 7.2: MXs distribution of data and MC. Comparison before([a]) and after([b]) fitting
are shown. Green filled distribution shows K∗(892)J/Ψ, blue is K1(1270)J/Ψ, and violet is
K∗∗(1430)J/Ψ.
Since K1 (1270) resonance distributes on the D-veto region, this difference between data and
MC must be corrected. To do this, MC distribution was decomposed into K∗(892) resonance,
K1(1270) resonance, K
∗∗(1430) resonance and others;
F (mXs) = CK∗fK∗ (mXs) + CK1fK1 (mXs) + CK∗∗fK∗∗ (mXs) + Cotherfother (mXs) (7.1)
Then data distribution was fitted in which every yield parameters(CK∗,K1,K∗∗,other) are floated.
Note that interference term of K1 (1270) and K
∗∗ (1430) is not assumed specifically, thus the
result of the fitting is just an approximation. Thus K1(1270) resonance in MC would be






/ (C ′otherCK1), where prime indicates the value after fitting.










Figure 7.2[b] shows a fitting result of mXs distribution, where plots show data and histogram
PDF’s are obtained by MC. As a result, coefficients in equation 7.2.1.2 before and after fitting
are summarized in table 7.2.1.2.
K∗ (892) J/ψ K1 (1270) J/ψ K
∗∗ (1430) J/ψ others
Before fitting 15894 7580 2086 16361
After fitting 14977±133 3952±101 3762±113 12826±164
Scale factors 1.202±0.019 0.665±0.019 2.300±0.075
Table 7.4: The scaling factors of K∗(892)J/Ψ, K1(1270)J/Ψ, and K
∗∗(1430)J/Ψ.
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7.2.1.3 D-veto efficiency correction
mbc



















































































Figure 7.3: Mbc fitting before and after D-veto for MC and Data. Blue solid line is total PDF,
red dashed line is signal, orange dashed line is cross-feed, and blue dashed line is non-peaking
background.
Figure 7.3 shows mbc fitting before and after D-veto. Upper two figures are distributions
of MC, and bottom two figures are those of data. No additional selection is applied at this
point. The distributions are fitted with PDF which consists of three components; Crystal Ball
Shape(CBS) for peaking component, generalized ARGUS function for non-peaking component,
and histogram PDF for cross-feed background. Shape parameters for CBS are fixed with MC.
Moreover, histogram PDF and its yields ratio between CBS is also fixed with MC. Any other
parameters are floated. Peaking components of other BB̄ events are dominated by the other
resonances such as hc(1P ), Ψ(2S), and so on. Since they decay into J/ψ and few pions, it seems
to be relevant to interpret them as signal rather than background.
As a result, a signal efficiency using MC is 91.55±0.32% and data is 92.66±1.34%. Thus the
ratio between two efficiencies is ϵdata/ϵMC =101.21±1.51%. This control sample of B → XsJ/ψ
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is also useful to estimate the efficiency correction for following other selections.
7.2.2 qq-suppression efficiency
The qq-suppression efficiency of MC is corrected again by a control sample of B → XsJ/ψ.
Hereafter, correction of K∗(892), K1(1270), and K
∗∗(1430) fraction, described in previous sec-
tion, is already performed. The output distribution is shown in figure 7.4. The difference of the
NeuroBayes output










Figure 7.4: NeuroBayes output of B → XsJ/ψ
output from Xsγ case(figure 5.4) because of difference between photon and lepton. Furthermore,
∆E likelihood is clearly different because photon resolution is quite worse than that of lepton.
This difference is, however, cancelled if ratio is taken before and after the selection. Thus it is
not a matter of the estimation of efficiency correction.
Figure 7.5 shows fitting results of mbc distributions before and after NeuroBayes selections
for MC and data. Fitting procedure is same with that for D-veto selection case. The signal
efficiency for NeuroBayes selection for MC(ϵMC) is 68.30±0.25% while that for data(ϵdata) is
68.64±1.01%. Thus the correction of efficiency for NeuroBayes selection is 100.89±1.53%.
7.2.3 Best candidate selection efficiency
The correction of the best candidate selection(section 5.3) efficiency can be evaluated again by
B → XsJ/ψ. Exactly same fitting procedure is adopted for the distributions before and after
the selection, comparing MC and data. Figure 7.6 shows the fitting results. As a result, the
efficiencies for MC and data are 93.79±0.35% and 96.00±1.42%, respectively. Thus efficiency
ratio of BCS is evaluated as 102.36±1.57%,
7.3 Total correction
Since corrections for each selection efficiencies have been obtained using the same control
sample(XsJ/ψ), it is more reasonable to calculate the total efficiency. As a result, efficiency
ratio of every selections is obtained as 105.29±1.50%. Although 1.50% uncertainty should be
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Figure 7.5: Mbc fitting before and after qq-suppression for MC and Data. Blue solid line is total
PDF, red dashed line is signal, and blue dashed line is non-peaking background.
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Figure 7.6: Mbc fitting before and after BCS for MC and Data. Blue solid line is total PDF,
red dashed line is signal, orange dashed line is cross-feed, and blue dashed line is non-peaking
background.
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taken into account to estimate systematic uncertainty of observables, this uncertainty should be
cancelled in the measurements of asymmetries. Thus it is omitted in chapter 11.
7.4 Detector asymmetry
Difference of detector responses between positive and negative charged particles, namyleK+(π+)
and K−(π−), must be taken into account to measure CP asymmetry. The difference is caused
by interaction between a quark inside a hadron and detector material. For example K+ includes
an up quark while K− includes an anti-up quark, thus K− likely interacts with detector material
more thanK+. This leads a slight difference of reconstruction efficiency and asymmetry, denoted





in which Ameas.CP is an asymmetry obtained directly from fitting. Since detector asymmetry
depends on Xs decaying modes hence Xs fragmentation, it is needed to estimate Adet’s both for
charged and neutral B because of discrepancy of their fragmentations.
Adet is already calculated in GEANT, thus efficiencies obtained by MC for B
± have a dif-
ference between B and B̄ caused by including K± and π±. As Adet for charged kaon and pion
are evaluated using data in section 11.5, it is found that Adet assumed in Geant is much larger
than the values obtained this study. To avoid duplicates from these effects, a mean value of
efficiencies between flavor + and - is taken to remove GEANT effects, so that the Adet estimated
by our procedure(section 11.5) is taken into account.
Note that taking mean is performed only when the data is used; namely distributions with
MC sample are fitted with asymmetric efficiencies.
Chapter 8
MC calibration
Since Xs decay is governed by complicated hadronization process, it is essential to calibrate
signal MC to data. In this section, a method to calibrate MC using B → Xsγ data will be
introduced. It should be noted that the only fragmentation information of Xs in real data is
used to calibrate MC here; namely, nothing about CP or isospin information is used.
8.1 Calibration method
The extracted number of signal with our fitter will be divided by efficiency to evaluate number
of signal before selection. Here, efficiencies obtained by MC must be somehow corrected because
our hadronization model to generate MC sample is imperfect. Two steps of MC calibration are
applied;
PYTHIA parameters tuning
Signal MC is generated with modified PYTHIA [16] parameters. We investigated the
parameter combination which makes the fragmentation to the data as close as possible.
Analytical preparations such as NeuroBayes training, significance scanning, and so on, is
performed by this tuned sample. This provides a rough calibration of Xs fragmentation
hence the tuning is not enough at this point. This will be discussed at section 8.3.
Direct calibration
In the definition of effciency, the assumed fragmentation of Xs is corrected with that of
data. This procedure is called direct calibration. This will be discussed at section 8.4.
8.2 Fragmentation of Xs
In this section, the method to evaluate Xs fragmentation will be explained. This information
will be used to generate more accurate signal MC(section 8.3) and calibrate efficiency definition
directly(equation 8.2). To do this, mbc distributions for each type divisions are fitted (the types
were shown at section 6.1).
Figures8.1 and 8.2 show fitting results for each types of Xs decay in rough Xs mass region.
In addition, figures 8.3 and 8.4 show corresponding fitting results for off-resonance which are
performed simultaneously, as described in section 6.2.4. A number in brackets indicates rough
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mbc_end




















Data K1Pi w/o Pi0_213_on
(1)K1π±
mbc_end




















































































Data K1Pi w/ Pi0(only 1)_213_on
(1)K1π0
mbc_end
























































































Data K2Pi w/o Pi0_214_on
(1)K2π±
mbc_end






















































































Data K2Pi w/ Pi0(only 1)_212_on
(1)K2π w/ 1π0
mbc_end


















































































Data K3Pi w/o Pi0_202_on
(1)K3π±
mbc_end






































































Figure 8.1: Fitting results for each categories using full data (on-resonance, type1-5)
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mbc_end



















Data K3Pi w/ Pi0(only 1)_202_on
(1)K3π w/ 1π0
mbc_end




















































































Data K4Pi (include at most 1 Pi0)_233_on
(1)K4π w/ and w/o
1π0
mbc_end




















(2)K4π w/ and w/o
1π0
mbc_end



















(3)K4π w/ and w/o
1π0
mbc_end





















(4)K4π w/ and w/o
1π0
mbc_end
















































































































































































































































Figure 8.2: Fitting results for each categories using full data (on-resonance, type6-10)
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mbc_end





















Data K1Pi w/o Pi0_213_off
(1)K1π±
mbc_end


















































































Data K1Pi w/ Pi0(only 1)_213_off
(1)K1π0
mbc_end
















































































Data K2Pi w/o Pi0_214_off
(1)K2π±
mbc_end



















































































Data K2Pi w/ Pi0(only 1)_212_off
(1)K2π w/ 1π0
mbc_end



















































































Data K3Pi w/o Pi0_202_off
(1)K3π±
mbc_end






























































Figure 8.3: Fitting results for each categories using full data (off-resonance type1-5)
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mbc_end

















Data K3Pi w/ Pi0(only 1)_202_off
(1)K3π w/ 1π0
mbc_end

























































































Data K4Pi (include at most 1 Pi0)_233_off
(1)K4π w/ and w/o
1π0
mbc_end





















(2)K4π w/ and w/o
1π0
mbc_end


















(3)K4π w/ and w/o
1π0
mbc_end


















(4)K4π w/ and w/o
1π0
mbc_end





































































































































































































































Figure 8.4: Fitting results for each categories using full data (off-resonance, type6-10)
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Xs mass region, namely (1) is mXs(1.15, 1.5)GeV, (2) is mXs(1.5, 2.0)GeV, (3) is mXs(2.0,
2.4)GeV, and (4) is mXs(2.4, 2.8)GeV. Note that the index “(1)3K including”, meaning 3K
including modes in the lowest Xs mass region(1.15,1.5)GeV/c
2, is dropped because such events
are not permitted by energy conservation. Table 8.1 shows fitting results. Then fragmentation
Type m(1.15, 1.5) m(1.5, 2.0) m(2.0, 2.4) m(2.4, 2.8)
K1π± 904.9±36.1 272.4±27.9 71.5±18.7 7.5±14.7
K1π0 236.6±17.8 54.0±13.7 15.3±9.2 4.6±7.9
K2π± 1501.0±43.9 1240.6±47.2 246.8±34.3 94.2±32.2
K2π w/ 1π0 835.4±30.4 544.4±29.5 84.7±18.8 34.1±17.2
K3π± 18.9±10.1 381.4±28.6 200.2±30.0 0±95.9
K3π w/ 1π0 102.0±12.1 355.2±23.4 116.3±19.8 68.0±20.9
K4π w/ and w/o 1π0 5.1±1.8 101.3±11.2 64.1±17.5 95.9±19.8
2π0 including 15.1±4.8 40.0±9.9 17.2±8.2 1.5±10.8
η including 12.2±2.7 100.4±9.5 20.8±9.7 0±11.4
3K including 0±0.7 123.9±12.7 59.0±12.3 67.3±12.0
Table 8.1: Results of type fitting yields
is calculated for total mXs region and individual regions, which are shown at left column in
table 8.2 (though mXs(2.4, 2.8)GeV/c
2 is omitted because of its large uncertainty). Note that
some fitting has negative value because of too small signal yield, and 0 is drawn in such case.
8.3 PYTHIA parameters tuning
Next step is to generate signal MC as fragmentation of Xs gets closer to that of data. To do this,
various PYTHIA parameters are modified at generator level. According to study [21], following
parameters are sensitive to fragmentation of Xs decay modes.
• PARJ(2) : The suppression of ss̄ pair production against uū or dd̄. Default value is 0.30.
Candidates are 0.10, 0.20, and 0.30.
• PARJ(11) : The probability that a meson constructed with light quarks (u or d) has spin-1.
Default value is 0.50. Candidates are 0.85, 0.90, and 0.95.
• PARJ(15) : The probability that a spin-1 meson has an orbital angular momentum 1.
Default value is 0.05. Candidates are 0.05, 0.15, and 0.25.
• PARJ(25) : The suppression of η production. Default value is 1.0. Candidates are 0.03
and 0.01.
Above range and interval of candidate values are decided based on a rough investigation per-
formed beforehand. Then samples with various combination of these candidate values are gen-
erated and χ2 of fragmentation between data and MC is compared;
10∑
i=1
(fMCi − fDatai )2(
∆fDatai
)2 (8.1)
8.4 Direct calibration 83
where f indicates the fragmentation for i’th decay type.
As a result, the conditions PARJ(2)=0.10, PARJ(11)=0.85, PARJ(15)=0.15, and PARJ(25)=0.01
is adopted. Table 8.2 shows a comparison of fragmentations between data and MC, where both
nominal(default) MC and calibrated MC are shown. It can be seen that all of deviations of
fragmentation for calibrated MC is less than 2σ in mXs(1.15, 2.8)GeV/c
2. χ2 calculated in all
mXs region counted 19.4, where the number of degrees of freedom is 10-4=6. This is highly
improved from nominal MC(χ2nominal=628). χ
2 calculated each divided mXs regions, however,
was 153(NDF=30-4=26). It was found that precise tuning of fragmentations with PYTHIA
parameter modification is very difficult and thus direct calibraion explained in section 8.4 is
needed.
8.4 Direct calibration
In this section, a redefinition of efficiency with direct calibration for fragmentation is introduced.
The calibrations of efficiencies for both mXs division and pattern division are performed. Using









where ϵ is efficiency, index i means i’th type in section 6.1, nmiss is number of events of missing
modes(namely modes except assumed 10types) at generator level, and m is rough mXs . Above
wi (m) is a weight factor defined by a ratio of fragmentations of data and MC, which is calculated
in m’th rough Xs mass regions individually.
Table 8.3 is a summary of weight factors in three mXs regions. Here, it was found that the
data fragmentation uncertainties in mXs region (2.4, 2.8)GeV/c
2 are too large(nearly 100%) to
use for safe calibration. Thus the fragmentation of this region is fixed by MC; namely, direct
calibration was not performed and weight factors wi’s are fixed to 1 in this region. With the
same reason, the fragmentations of 4π including modes and 2π0 including modes in mXs region
(2.0, 2.4)GeV/c2 are fixed by MC, and fragmentations in this region is calculated only with
8types. These fixed fragmentations will be fluctuated +50%-50% when systematic uncertainty
of the calibration will be evaluated.
Calibration of efficiencies in mXs division is performed simply with corresponding wi (m),
where m is chosen by mXs . Table 8.4 shows a result of efficiency correction; namely direct
calibration and correction of MC to data(see section 7). The efficiencies after each corrections
will be used in chapter 9.
Calibration of efficiencies for pattern division is performed with same weight factors for each
flavor and isospin individually because difference between MC and data should be independent
of the division. Table 8.5 shows efficiencies for each B meson patterns. The efficiencies after
each corrections will be used in chapter 10 and 12.
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Type Data fragmentation(%) Nominal MC(%) Deviation(σ) Calibrated MC(%) Deviation(σ)
MXs All region (1.15, 2.8)GeV/c
2
a 4.43±0.33 8.20 11.3 4.89 1.39
b 2.31±0.27 4.37 7.72 2.49 0.66
c 14.7±0.95 12.7 -2.10 13.4 -1.30
d 21.9±1.45 15.9 -4.14 20.0 -1.30
e 6.12±0.71 5.47 -0.92 6.57 0.63
f 18.6±1.65 14.4 -2.55 21.5 1.80
g 8.64±2.07 10.4 0.85 12.2 1.73
h 19.7±3.61 13.3 -1.77 14.5 -1.45
i 1.59±0.54 12.3 20.0 2.62 1.93
j 2.05±0.30 2.95 3.01 1.72 -1.10
MXs region1 (1.15, 1.5)GeV/c
2
a 10.6±0.69 8.20 -3.48 13.1 3.54
b 5.86±0.58 4.37 -2.58 6.76 1.55
c 23.1±1.28 12.7 -8.13 22.3 -0.65
d 44.3±1.77 15.9 -16.0 34.0 -5.80
e 0.46±0.29 5.47 17.1 1.68 4.16
f 9.96±1.17 14.4 3.79 16.1 5.24
g 0.52±0.37 10.4 26.8 0.77 0.66
h 4.76±1.14 13.3 7.49 4.75 -0.00
i 0.35±0.09 12.3 139 0.53 2.15
j 0.00±0.00 2.95 0 0.02 0
MXs region2 (1.5, 2.0)GeV/c
2
a 3.04±0.32 8.20 16.2 3.78 2.33
b 1.10±0.30 4.37 10.9 1.88 2.61
c 15.3±1.05 12.7 -2.48 14.3 -0.97
d 20.1±1.49 15.9 -2.82 21.4 0.85
e 9.24±0.87 5.47 -4.33 7.17 -2.37
f 26.2±1.92 14.4 -6.15 23.8 -1.23
g 5.15±1.43 10.4 3.67 9.62 3.13
h 15.1±2.59 13.3 -0.70 13.4 -0.63
i 2.57±0.46 12.3 21.4 2.92 0.77
j 2.14±0.25 2.95 3.27 1.62 -2.12
MXs region3 (2.0, 2.4)GeV/c
2
a 1.60±0.68 8.20 9.69 2.86 1.85
b 0.49±0.71 4.37 5.44 1.44 1.33
c 8.73±2.31 12.7 1.72 9.4 0.29
d 7.72±3.09 15.9 2.65 13.5 1.86
e 16.3±4.09 5.47 -2.65 8.05 -2.01
f 25.8±6.89 14.4 -1.65 21.8 -0.57
g 9.93±8.35 10.4 0.06 18.3 1.01
h 21.1±14.1 13.3 -0.55 18.9 -0.16
i 3.21±2.03 12.3 4.48 3.19 -0.01
j 5.21±1.51 2.95 -1.50 2.5 -1.79
Table 8.2: Comparison of fragmentations between data and MC(nominal and calibrated) in
divided MXs region. Deviation is defined as (MC −Data)/σData.
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Type MXs ∈(1.15, 1.5)GeV/c2 MXs ∈(1.5, 2.0)GeV/c2 MXs ∈(2.0, 2.4)GeV/c2
a 0.701 0.571 0.547
b 0.887 0.555 0.571
c 1.209 1.029 0.784
d 1.286 0.922 0.643
e 0.342 1.108 1.428
f 0.623 0.986 1.105
g 0 1.177 1
h 0.826 0.887 1
i 1.339 1.972 1.566
j 0 1.179 1.436
Table 8.3: Direct calibration weight factors calculated in three mXs regions
MXs(GeV/c
2) No correction(%) Direct calibration(%) Efficiency ratio(%)
0.6-0.7 8.71 8.71 8.25
0.7-0.8 8.98 8.98 8.50
0.8-0.9 8.71 8.71 8.25
0.9-1.0 9.10 9.10 8.62
1.0-1.1 9.23 9.23 8.75
1.1-1.2 6.16 5.63 5.24
1.2-1.3 4.98 4.69 4.34
1.3-1.4 4.01 4.03 3.71
1.4-1.5 3.95 4.01 3.69
1.5-1.6 3.13 3.09 2.83
1.6-1.7 2.74 2.72 2.49
1.7-1.8 2.34 2.34 2.14
1.8-1.9 2.07 2.08 1.90
1.9-2.0 1.85 1.86 1.69
2.0-2.1 1.53 1.38 1.27
2.1-2.2 1.24 1.10 1.01
2.2-2.4 1.01 0.90 0.82
2.4-2.6 0.76 0.76 0.69
2.6-2.8 0.58 0.58 0.53
Table 8.4: A result of efficiency corrections for each mXs regions
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Division No correction(%) Efficiency ratio(%) Selection(%) Direct calibration(%)
B− 2.44 2.24 2.26 2.24
B+ 2.43 2.23 2.25 2.23
B̄0 4.52 4.20 4.24 4.15
B0 4.39 4.08 4.11 3.92
B0amb 1.07 0.97 0.98 1.02
Table 8.5: A result of efficiency corrections for each charge⊗flavor divisions
Chapter 9
Branching ratio measurement
In order to ensure the validity of this analysis, BR(B → Xsγ) is measured. Thembc distributions
in each 100MeV regions of Xs mass are fitted and divided by calibrated efficiency shown in
table 8.4. As we mentioned ealyer, only information about mXs spectrum is used here; nothing
about asymmetry is considered.
9.1 Fitting for each Xs mass bins
At first, Mbc distributions in each mXs divisions are fitted; namely, 100MeV Xs mass bins are
fitted from 0.6GeV to 2.8GeV, and from 2.2GeV, the bin width is extended 200MeV as seen
at section 6.1 because of its low statistics. A fitting procedure is described in chapter 6. The
fitting results are shown in figure 9.1(on-resonance) and 9.2(off-resonance).
9.2 Branching ratio
The branching ratio of B → Xsγ is defined as;




where Nrec is sum of numbers of signal, NBB̄ is number of BB̄ pair(2×771.9×106, corresponding
to 711fb−1), and ϵ is efficiency obtained in previous chapter. Table 9.1 shows fitting yields and
partial branching ratios for each mXs regions.
Figure 9.3 shows the branching fractions against Xs mass. Note that in the figure each plots
only have statistical error bars. Previous Belle and BABAR results refer [21][19]. As a result,
total braching ratio is shown in table 9.2 with previous results and SM expectation [9], where
extrapolation from MXs to Eγ can be performed by considering the factor R(Eγ) ≡ BR(B →
Xsγ)1.9GeV /BR(B → Xsγ)1.6GeV . This factor on the photon energy spectrum is calculated as
0.936±0.010 with standard method [30]. In addition, the difference between Eγ > 1.9GeV and
MXs < 2.8GeV should be calibrated. Thus the factor 0.998, which is calculated in previous
analysis [21], is also multiplied, then calibration factor is 0.998/(0.936±0.010).
According to table 9.2, a slight difference is seen between current measurement and previous
study [21], which seems to be originated mainly from the difference of peaking BG estimation
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mbc_end





























































































































































































































































































































































































































































Figure 9.1: Fitting results for each Xs mass bins (on-resonance)
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mbc_end






































































































































































































































































































































































































































Figure 9.2: Fitting results for each Xs mass bins (off-resonance)




























Figure 9.3: Partial BR(B → Xsγ) vs Xs mass. Red line is a current result, blue is previous
Belle, and green is previous BABAR. For each error bars, statistical ones are only assigned.
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MXs(GeV/c
2) Yields Partial BR(10−6) MXs(GeV/c2) Yields Partial BR(10−6)
0.6-0.7 10.3±7.2 0.1±0.1 1.6-1.7 722.6±34.1 20.4±1.0
0.7-0.8 76.6±14.5 0.6±0.1 1.7-1.8 735.2±34.6 24.3±1.1
0.8-0.9 2262.9±51.0 18.5±0.4 1.8-1.9 616.2±36.8 23.1±1.4
0.9-1.0 1937.5±47.6 15.1±0.4 1.9-2.0 496.7±34.6 20.8±1.5
1.0-1.1 337.9±23.4 2.6±0.2 2.0-2.1 385.8±32.3 19.5±1.6
1.1-1.2 376.6±25.7 4.9±0.3 2.1-2.2 208.6±32.0 13.1±2.0
1.2-1.3 1098.0±37.7 17.0±0.6 2.2-2.4 366.8±46.2 28.4±3.6
1.3-1.4 1202.6±39.0 21.9±0.7 2.4-2.6 144.3±47.3 13.5±4.4
1.4-1.5 1193.9±39.3 21.8±0.7 2.6-2.8 249.3±51.1 30.2±6.2
1.5-1.6 758.6±34.9 18.6±0.9 Total 314.5 +/- 9.3
Table 9.1: Signal yields and partial branching ratio for each mXs regions
Condition Current result (10−4) Previous Belle (10−4) BABAR (10−4) Prediction
MXs < 2.8(GeV/c
2) 3.15±0.09 3.51±0.17±0.33 3.29±0.19±0.48 -
Eγ > 1.6(GeV ) 3.35±0.10 3.74±0.18±0.35 3.51±0.20±0.51 3.36±0.23
Table 9.2: Results of branching ratio measurements
procedure. This will be discussed further in next section 9.3. Current SM expectation of
BR(B → Xsγ) in Eγ >1.6GeV is (3.36±0.23)×10−4. Our result shows a good consistency with
this SM expectation.
9.3 Discussion
Table 9.2 shows a slight difference between current result and previous measurement. The
difference seems to be explained following reasons:
• Difference of how to estimate peaking components of BB̄ background
• Improvement of qq̄ suppresion
• Difference of fitting strategy
• Update of signal MC
Our strategy to estimate peaking component was discussed in section 6.2.3.1; namely peak-
ings were decomposed about origins of a primary photon(π0 and others). On the other hand,
previous analysis estimated peaking components using π0/η probability sideband and checked
a consistency of efficiencies of MC and data using sideband region of D-veto. This difference of
peaking estimation leads a discrepancy of signal yields especially at higher mXs region, where a
lot of peaking components exist.
Improvement of qq̄ suppression also contributes to this measurement. In this analysis a
standard option of nis Ks finder is adopted to identify Ks particle. Furthermore, ∆E likelihood
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was calculated using crystal ball rather than histogram PDF. These update provided better
separation of signal and BG, thus significance improved from previous analysis, and it allows us
to measure quantities more precisely.
Moreover, it was found that branching ratio measurement highly depends on fitting strategy,
especially floated ARGUS shapes because it can have a slow peak if it is floated. This causes a
serious bias in signal extraction, thus tt is important to determine the shape with high accuracy.
This issue should belong to systematic uncertainty rather than statistical one, hence results can
not be compared only with statistical uncertainty in table 9.2.
In addition signal MC is also updated by PYTHIA parameter modification(section 8.3). χ2
calculated with data fragmentation was improved from 628 to 19.4, which is better than previous
sample(according to belle note 1312, it was 52). Even though the difference of fragmentation
of Xs can be calibrated by direct calibration(section 8.4), difference of PYTHIA parameter also
leads difference of missing fraction. Figure 9.4 shows a fraction of reconstructed modes for mXs .




























Figure 9.4: The comparison of fraction of reconstructed modes between current MC sample and
previous study. Red line shows the latest PYTHIA configuration while blue is previous one.
analysis condition. It can be seen that the current signal sample provides lower missing modes
especially at middle mXs mass region (arround 1.5GeV/c
2). This fact leads higher effciency
hence smaller branching ratio than previous result as shown in figure 9.3. Additionally these




As it has been explained in section 6.2.5, a validity of fitter is checked by toy-MC study. In this
chapter, results of toy-MC study for simultaneous fitter to measure asymmetries will be shown.
10.1 Toy-MC study
Pull









 / ndf 2χ  111.4 / 83
Constant  3.5± 259.5 
Mean      0.01099± 0.01388 
Sigma     0.0075± 0.9707 
[a] Pull of A±CP
Pull










 / ndf 2χ  90.49 / 84
Constant  3.6± 259.5 
Mean      0.01100± 0.05548 
Sigma     0.0082± 0.9734 
[b] Pull of A0CP
Pull







0-∆Pull of  / ndf 2χ    100 / 85
Constant  3.5± 258.6 
Mean      0.01103±0.04963 − 
Sigma     0.0074± 0.9756 
[c] Pull of ∆0−
Pull







Pull of G  / ndf 2χ  95.73 / 83
Constant  3.5± 257.1 
Mean      0.01112±0.02793 − 
Sigma     0.0078± 0.9818 
[d] Pull of G
Pull







Pull of f  / ndf 2χ  81.92 / 81
Constant  3.5± 255.4 
Mean      0.01125±0.04227 − 
Sigma     0.0082± 0.9908 
[e] Pull of f
Figure 10.1: Pull distributions of parameters for simultaneous fitting
Figure 10.1 shows pull distributions for floated parameters defined in equation 6.11, where
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neither CP asymmetry nor isospin asymmetry are assigned. It shows that no significant bias
exists in our fitter.
Furthermore, linearity checks for asymmetry parameters were performed. According to Par-
ticle Data Group(PDG), the current world average of CP asymmetry in b→ sγ is -0.008±0.029
and that of isospin asymmetry is -0.01±0.06. Then each 0.5σ deviation from measured value
within ±5σ (namely 21points) were assumed to generate toy events and fitting was repeated
1000times. Figure 10.2 shows linearity of our simultaneous fitter. The values of p0 and p1 in
input













p0        0.001195± 0.9968 
p1        0.0001039± 0.0002221 
[a] Linearity of A±CP
input













p0        0.00115± 0.9989 
p1        0.0001007±0.0008484 − 
[b] Linearity of A0CP
input












p0        0.0004519± 0.9988 
p1       05− 8.049e± 0.0007975 
[c] Linearity of ∆0−
Figure 10.2: Linearity distribution of simultaneous fitter
statistical box indicates the parameters for fitting the 1st order polynomial function. A good
linearity can be seen from this result.
10.2 Sensitivity
A sensitivity to measure CP asymmetries ACP and isospin asymmetry ∆0− is evaluated by
Toy-MC fitting. Fitting strategy has been discussed in section 10.1




CP , and ĀCP , in
addition to their errors, where 8000times toy-MC was performed. Table 10.1 shows a summary
of sensitivities of measured quantities(only statistical uncertanty is taken into account).






ĀCP ±1.08% Not measured yet.
Table 10.1: Summary of sensitivities
Comparing the analysis in BABAR experiment, which reported that ∆ACP = 5.0±3.9% [10]
and ∆0− = −0.6±5.8% [11], the sensitivities for these quantities are improved not only by greater
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CP A∆








CP A∆  / ndf 2χ  103.2 / 79
Constant  3.8± 270.1 
Mean      0.0002373± 0.0007735 
Sigma     0.000± 0.021 
[a] ∆ACP
0-∆







0-∆  / ndf 2χ  87.71 / 84
Constant  3.5±   256 
Mean      0.000139± 0.000704 
Sigma     0.00010± 0.01234 
[b] ∆0−
CPA








CPA  / ndf 2χ  73.51 / 74
Constant  3.9± 283.4 
Mean      0.0001260±0.0003422 − 
















 / ndf 2χ  68.82 / 60
Constant  5.0± 368.1 
Mean      0.0001750±0.0002364 − 













 / ndf 2χ  95.24 / 95
Constant  3.1±   221 
Mean      0.0001614±0.0008149 − 
Sigma     0.00012± 0.01427 
[e] A0CP
CPA









 / ndf 2χ  72.65 / 71
Constant  4.1± 297.5 
Mean      0.0001200±0.0005067 − 
Sigma     0.00008± 0.01064 
[f] ĀCP
Error







CP A∆Error of  / ndf 2χ  98.02 / 89
Constant  3.3± 236.5 
Mean      0.00000± 0.02162 
Sigma     0.0000017± 0.0002136 









0-∆Error of  / ndf 2χ  104.3 / 91
Constant  3.1± 224.5 
Mean      0.00000± 0.01256 
Sigma     0.0000010± 0.0001263 









CPError of A  / ndf 
2χ  82.22 / 87
Constant  3.3± 242.2 
Mean      0.00000± 0.01133 
Sigma     0.0000009± 0.0001175 











 / ndf 2χ     73 / 78
Constant  3.5± 254.8 
Mean      0.00000± 0.01581 
Sigma     0.0000019± 0.0002362 
[j] Error of A±CP
Error










 / ndf 2χ  104.1 / 82
Constant  3.8± 270.1 
Mean      0.00000± 0.01474 
Sigma     0.0000015± 0.0001867 
[k] Error of A0CP
Error








 / ndf 2χ  98.16 / 89
Constant  3.3± 236.5 
Mean      0.00000± 0.01081 
Sigma     0.0000009± 0.0001068 
[l] Error of ĀCP
Figure 10.3: Toy-MC results of ∆ACP and other variables
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statistics (∆ACP and ∆0− were measured in BABAR by 429fb
−1 and 81.9fb−1, respectively)
but also by better signal identification from BG.
Chapter 11
Systematic uncertainty
In this chapter, sources of systematic uncertainty are discussed. To do this, 1stream statistics
are extracted from MC samples, and fitting is performed. A basic idea to estimate systematics
uncertainties is reperforming fitting with distributions with individual modification about each
systematic sources, then quadratic summation is finally taken. Some of procedures to estimate
systematic uncertainty are based on the fitting results after box opening.
11.1 Hadronization model uncertainty
The fragmentation of Xs decay depends on hadronization model of signal MC, and this uncer-
tainty affects on the calibration factor of efficiency (wi in equation 8.2). In order to evaluate
this contribution to measured quantities, fragmentations in each four mXs regions will be fluc-
tuated by ±1σ so that propagated uncertainty can be estimated. The all fragmentations in
mXs > 2.4GeV/c
2, that of 4π including modes(type-g) in mXs ∈ (2.0, 2.4)GeV/c2, and 2π0 in-
cluding modes(type-h) in the samemXs region are fixed with MC as explained in section 8.4. For
these corresponding wi (m)’s, fluctuation of the fragmentations will be assigned conservatively
±50%.
11.2 Missing mode
Missing modes nmiss in equation 8.2 is also a source of systematic uncertainties. To estimate
this effects, PYTHIA parameters modification described in section 8.3 is assumed; namely, fluc-
tuation of missing fractions in each roughmXs regions is determined by maximum and minimum
changes for PYTHIA parameters modification. Following fluctuations of missing fractions are
used:
• mXs ∈ (1.15, 1.5)GeV/c2 : 5.44+0.81−0.57%
• mXs ∈ (1.5, 2.0)GeV/c2 : 9.32+3.04−3.31%
• mXs ∈ (2.0, 2.4)GeV/c2 : 26.75+2.94−3.45%
• mXs ∈ (2.4, 2.8)GeV/c2 : 48.72+1.36−1.38%
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11.3 PDF uncertainty
Fixed parameters of fitting PDF obtained from data(with corrections) are fluctuated using sta-
tistical error so that the systematic uncertainty caused by the parameter fixing can be evaluated.
On the other hand, uncertainty of fixed parameters assuming MC should be investigated care-
fully because difference between data and MC must be takein into account conservatively.
11.3.1 Signal parameter
In order to evaluate signal tail parameters(α, n) uncertainty, all of shape parameters except α(or
n) is fixed with nominal fitting result; namely, only signal yields and α(n) are floated to fit. The
deviation of measurements of ∆ACP and other variables is considered systematic uncertainty
caused by α(n) uncertainty.
11.3.2 Cross-feed parameter
Since the proportionality constants between cross-feed and signal are also fixed with MC values,
the difference between data and MC should be taken into account. Cross-feed uncertainty is
caused by 2 sources: uncertainty of ∆E distribution and multiplicity, where former source is con-
sidered in section 11.8. In order to assume the data/MC difference of event multiplicity, numbers
of K±, K0, π±, π0, and η which belong rest of the event are scaled assuming measurements of
B decay according to PDG.
The scaling procedure of π±, for example, is following. First, the number of π± in rest of
event is counted and the mean value is calculated after every selections. If the mean is larger
than the measurement result of B → π±X, histogram bins, which are smaller than a maximum
bin, they are enhanced so that the mean value is adjusted with the measurement. In contrast
if the mean is smaller than the measurement, bins larger than a maximum bin are enhanced.
After the scaling, the proportionality constants for cross-feed are recalculated, then fitting is
reperformed to evaluate systematic error caused by multiplicity uncertainty. This procedure is
repeated for every reconstructed particles and the quadratic sum is taken.
On the other hand, shape of cross-feed histogram depends on Xs mode fraction. Thus PDF
is reobtained with same procedure described in section 11.1 to calculate systematic uncertainty.
11.3.3 Continuum and BB̄
For continuum p, the parameter is fluctuated by off-resonance data uncertainty, which is clearly
more conservative than using that of on-resonance MC. Since continuum ARGUS can absorb BB
non-peaking shape, the shape parameters for BB ARGUS are fluctuated just by MC statistical
uncertainty. BB non-peaking yields are corrected by data(see section 6.2.5), thus the yield
parameters are fluctuated by the uncertainty of the correction.
11.4 Efficiency ratio
As it was mentioned earlier, the uncertainty of efficiency correction between data and MC is
cancelled for each flavor and isospin division, thus this source is not assigned.
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11.5 Difference of detector responses
As mentioned in section 7.4, detector response asymmetry Adet must be considered to measure
CP asymmetries. In order to estimate more precise Adet than that in Geant simulation, it is
estimated both for K± and π± individually by following procedures. Furthermore the statistical
uncertainty of estimated Adet is assigned to systematic uncertainty.
11.5.1 Adet for kaon
For K±, the same method with study [31] is used, where Adet for charged kaon is evaluated in
2 dimensional bins of polar angle cos θ and momentum pK± . Thus number of K
± in each bins
for our signal MC sample was counted to obtain total Adet.
As a result, AK
−
det for kaon are estimated as -0.102±0.039% for charged modes, and -0.127±0.036%
for neutral modes, where AK
−
det ≡ (N(K−)−N(K+)) / (N(K−) +N(K+)).
11.5.2 Adet for pion
On the other hand, Adet for π
± is estimated using sideband region of NeuroBayes output, which
is same technique used in the study [32]. In this study, NeuroBayes≤0 is adopted. In order to
obtain single π± asymmetry, mbc distributions which consists of only odd number of π
±(such
as Kπ+,Kπ+π+π−, and so on) are fitted. Figure 11.1 shows fitting results of NB sideband
for π+ and π− excess modes. ARGUS and Gaussian are used to fit the distribution, where
mbc


















































Figure 11.1: Fitting results odd number of π± events. Left is π+ excess. The distributions are
fitted by Gaussian(red dotted line) and ARGUS(blue dotted line).
Gaussian shape is fixed by that of BB̄ peaking background, which is obtained in section 6.2.3.1.
All ARGUS shape parameters are floated except endpoint which is set to 5.289GeV/c2. As
a result, measured asymmetry Ameasdet ≡ (N(π−)−N(π+)) / (N(π−) +N(π+)) is evaluated as
0.004±0.218%.
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Here fake rate is defined as the rate that other particle is misidentified to charged pion.




















fake rates are needed.
Table 11.1 shows a summary of fake rates for various sources. In the table, γ means a
Sources Rate Asymmetry Fluctuation
π± 87.62% -0.009% ±0.249%
K± 3.88% -0.127% ±3%
µ± 2.81% 0% ±3%
p± 2.17% 0% ±4%
γ 1.90% 0% ±3%
e± 1.03% 0% ±3%
others 0.59% 0% ±10%
Table 11.1: Pion fake rate summary. γ means a photon arisen from a detector material.
secondary produced particle from interaction between γ and detector material. To extract Aπ
−
det,
the central value of AK
−
det is used as an estimated value in above. As a result A
π−
det is calculated
to be − (0.009± 0.249)%.




det’s in above equation are
fluctuated, which is also summarized in table 11.1, so that extracted Aπ
−
det is also fluctuated. The
fluctuation of π± comes from statistical uncertainty of Ameasdet in figure 11.1. For lepton(µ
± and
e±), Adet is fluctuated by ±3%, which is large enough to estimate. Since interaction between γ
and detector material leads typically electron, the same fluctuation is assigned also for γ in the
list. On the other hand, for Adet of other fake sources, ±10% is assigned very conservatively.
11.5.3 Total Adet












is not added. In addition, if both of numbers of K± and π± is odd, a sign of Aπ
−
det should be
flipped because it indicates that the charges of K’s and π’s are opposite, thus B̄0 must include
π+ not π−.
Therefore, detector asymmetries for assumed modes can be written as:
Adet
(
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det has been used.
Then the number of events is counted using signal MC to estimate total detector asymmetry
for charged/neutral. As a result, Adet for charged B is -0.068% while Adet for neutral B is
-0.118%. These asymmetries are then subtracted from A±CP and A
0
CP obtained by the fitting as
shown in equation 7.2.
11.6 CP asymmetries of rare B decays
CP and isospin asymmetry of BB peaking components, which come from mainly rare decay of
B, will be one of the sources of systematic uncertainties because MC sample of BG basically has
neither CP nor isospin asymmetries. Peaking components coming from π0 → γγ events were
estimated using data. This means asymmetries are already taken into account and there is no
need to consider. On the other hand, peakings coming from other origins(mainly η → γγ) were
fixed by MC(see section 6.2.3.1). In measurement of A±CP and A
0
CP , asymmetries of such rare
B decays (B → K∗η, for example) should be evaluated.
Table 11.2 shows dominant components of rare B decay BG after each selections, where listed
modes with π0, Kρ, and f2K
0 are events in which a detected photon is emitted from π0, thus
can be ignored. More detailed components are summarized in table 13.1. Then CP asymmetry
Rank B− B+ B̄0 B0 /B
1 Xsη(53%) Xsη(54%) Xsη(59%) Xsη(62%) Xsη(57%)
2 K∗−π0(14%) K∗+π0(15%) ρ0γ(11%) ρ0γ(8%) K ′∗0π0(9%)
3 K−π0(4%) K0π0(4%) K−π0(5%) K+π0(6%) K0η′(8%)
4 K0π−π0(3%) K+π0(3%) K−η′(4%) K+η′(5%) K0π0(6%)
5 K0π0(3%) K0π+π0(3%) K−π+π0(3%) K+π−π0(2%) f2K
0(2%)
6 K0η′(3%) K+η′(3%) K−ρ+(2%) K ′∗0π0(2%) ρ+K0(2%)
7 other (20%) other (19%) other (16%) other (14%) other (15%)
Table 11.2: Dominant components of rare B decay BG. /B indecates flavor ambiguous modes.
of dominant modes except π0 → γγ is fluctuated according to PDG values to evaluate the
impact of this quantities to measured results. Some of them will be able to cancel out in ∆ACP
measurement. Moreover, it is necessary to consider isospin asymmetry(∆0−) for peaking BG
with except π0 → γγ. The technique is same with that of CP asymmetry.
According to PDG, each asymmetries for the dominant peaking components are:
• ACP (B → η + anything) = −0.13+0.04−0.05
• ACP (B± → K±η′) = 0.004± 0.011
• ∆0− (B → ργ) = 0.30± 0.14
Figure 11.2 shows fitting results of B → Xsη distributions in MC(50streams). Then yields ofXsη
components included in fixed peaking component yield described in section 6.2.3.1 are flucuated
for b flavor± as the above CP asymmetry is implemented; namely, NB± is increased by a factor
(1 +ACP ) while NB0 is decreased by a factor left(1−ACP ). In order to estimate the uncertainty
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conservatively, fluctuation of negative direction is performed by factors (1∓ACP ), which means
−ACP is assumed. Systematic uncertainty caused by the other asymmetries is estimated by
mbc















































Figure 11.2: B → Xsη fitting in MC. Left figure shows charged modes while right shows neutral.
The distributions are fitted by Gaussian(red dotted line) and ARGUS(blue dotted line).
the same method. ACP of peaking components categorized as “other” in table 11.2 will be
fluctuated 10%. Number of events of peaking components was evaluated by above fitting for
each combination(MC B ⊗ Rec B). Table 11.3 shows number of events obtained by the fitting,
which are scaled to 1stream.
B− B+ B̄0 B0 /B
Xsη
MC B− 7.82 0.00 0.25 0.06 0.06
MC B+ 0.00 7.44 0.00 0.73 0.30
MC B̄0 0.26 0.18 9.68 0.30 1.05
MC B0 0.00 0.78 0.46 11.24 1.70
Kη′
MC B− 0.19 0.00 0.18 0.00 0.00
MC B+ 0.00 0.63 0.00 0.82 0.00
MC B̄0 0.12 0.41 0.06 0.00 0.10
MC B0 0.26 0.79 0.04 0.00 0.14
ργ
MC B− 0.32 0.02 0.08 0.00 0.00
MC B+ 0.04 0.33 0.00 0.02 0.02
MC B̄0 0.00 0.06 1.31 0.75 0.00
MC B0 0.02 0.00 0.92 0.53 0.00
Table 11.3: Number of events of peaking components related with asymmetries in BB̄ rare
decaying MC. The values are scaled to 1stream.
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11.7 Physics parameters
In order to calculate ∆0−, lifetimes of charged and neutral B mesons and fraction ratio f+−/f00
are needed as shown in equation 6.11. The error of measured B meson lifetime(τB+/τB0 =
1.078 ± 0.004) and that of fraction ratio(f+−/f00 = 1.059 ± 0.027) are assigned to systematic
uncertainty. Since NBB̄ uncertainty has no contribution to ratio measurements, it is ignored.
11.8 Difference of ∆E distribution
As it is explained in chapter 7, difference of efficiencies of BG suppression between MC and data
was estimated using B → XsJ/ψ control sample. However, since ∆E of the control sample is
clearly sharper than that of signal Xsγ, difference of ∆E distributions between MC and data
cannot be estimated using that method. In order to take the systematic uncertainty caused
by this difference into account, NeuroBayes output is recalculated using shifted/smeared ∆E
distribution; namely, a peak of ∆E distribution is shifted both positive and negative direction,
or width of the distribution is extended assuming a fudge factor.
According to the study [32](belle note 1437), differences of ∆E peaks between MC and
data are +5.5MeV for K+π−γ and +15MeV for K+π0γ. In this study, various modes are
assumed, thus a mean value of them(10.25MeV) is adopted to evaluate systematic uncertainty.
In addition, a fudge factor for smearing ∆E distribution is studied by the study [33], and the
value is 1.049±0.014. Thus ∆E distribution is smeared assuming this factor. Figure 11.3 shows
∆E, ∆E likelihood, and NeuroBayes distributions for shifted(red is positive shift while blue is
negative) and smeared(green) ∆E with nominal one(black).
Delta_E





































Figure 11.3: ∆E, ∆E likelihood, and NeuroBayes distributions for shifted/smeared ∆E. Red
and blue show shifted one, green shows smeared one, and black is nominal one.
Then calculated efficiency leads fluctuation of the final results, which is assigned to systematic
uncertainty.
11.9 Fitter bias
Since fitting condition is complicated, fitter may have a bias and it should be treated as sys-
tematic uncertainty. The bias has been estimated using toy-MC at section 10.1, where pull
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distribution and linearity test were introduced.
The mean shift of pull distribution(σpull) indicates the bias proportional to the fitting error;
According to figure 10.1, A±CP , A
0
CP , and ∆0− have biases of 1.39%, 5.55%, and -4.96% for
fitting errors, respectively.
In addition, the measured deviation of slope and offset parameters in figure 10.2 should be
taken into account as another bias. The slope(p1) deviation from 1 indicates that the true value
can be deviated from measurement by a factor (1/p1). Furthermore the offset deviation from 0
also means the bias. According to figure 10.2, linearity biases for our fitter are also taken into
account.
11.10 K∗ −Xs transition
As mentioned in section 3.2, the transition point of mXs between K
ast(892) and non-resonance
Xs region is one of the systematic uncertainty sources because of the difference of fragmentations
between charged and neutral B mesons. In order to estimate the uncertainty, number of events
belonging to 50MeV/c2 mXs region from 1.15GeV/c
2, namely mXs ∈ (1.15, 1.20)GeV/c2, is
evaluated using non-resonance Xs MC, and recalculate efficiencies with and without Xs in this
region. This calculation provides the modification caused by the transition point uncertainty.
The direct calibration is performed for both cases.
11.11 MC statistics
Efficiency estimated by signal MC has an uncertainty caused by limited statistics of MC events.
Even though this effect should be cancelled out in CP asymmetry measurements, ∆0− re-
ceives the uncertainty because of difference of efficiencies between charged and neutral modes.
The contribution is calculated by fluctuating each efficiencies with its statistical uncertainty;√
ϵi (1− ϵi) /N igen., where ϵi indicates an efficiency for i’th pattern and N igen. is number of




Figure 12.1 shows fitting results for each conditions using real data with off-resonance distri-
butions to determine ARGUS curvature, as explained in section 6.3. The plain χ2 of total 8
fittings is 728, while number of degrees of freedom(NDF) is 100×8-16 = 784.
)2(GeV/cbcM



















































































































































(f) Charged B(off-resonance data)
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(g) Neutral B(off-resonance data)
[g] Off(neutral)
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Figure 12.1: The results of simultaneous fitting of Mbc distributions. Red line shows total PDF,
red dashed line is signal, yellow dot dashed line is cross-feed, blue dotted line is continuum, and
green dashed line is BB̄.
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As a result, the measurements of target variables can be extracted:
∆ACP = (3.69± 2.65± 0.76)%
∆0− = (−0.48± 1.49± 0.97± 1.15)%
A±CP = (2.75± 1.84± 0.32)%
A0CP = (−0.94± 1.74± 0.47)%
AtotalCP = (1.44± 1.28± 0.11)%
ĀCP = (0.91± 1.21± 0.13)%
(12.1)
where systematic uncertainty for ∆0− caused by f+−/f00 is separated(third error) from other
sources. Since ∆ASMCP is just zero, the above result for ∆ACP is consistent within 1.4σ. In addi-





CP , and A
0
CP are also consistent with previous BaBar results based on [10][11]
(∆BaBar0− = (−0.6± 5.8± 0.9± 2.4)%). Moreover, ĀCP is the first measurement.
Table 12.1 summarizes the systematic uncertainties calculated using data. More detailed
information for direct calibration, fixed parameters, and detector response asymmetry can be
seen at table 13.2, 13.3, and 13.5 in chapter 13. Furthermore tables 12.2 to 12.6 show correlation
matrices for statistical and systematic errors.
Moreover the uncertainties for efficiency and signal yields are summarized in table 12.7,
where efficiency error includes statistical one. Since there are detector response asymmetry
between flavor + and -, efficiencies in the table are separated for b flavor.
12.2 Conclusion
Figure 12.2 shows a constraint on an imaginary part of C8/C7 using equation 1.14 varying by
a hadronic parameter Λ̃78 ∈ (17, 190) (MeV ). Assuming avarage value of Λ̃78=89MeV, mea-
sured Im (C8/C7) is 0.346±0.258,where the error is assigned with both statistics and systematic
uncertainties.
The specific model which can enhance ∆ACP [2] has been described in section 1.5. Although
our result 12.1 is consistent both with SM and the new physics model, a parameter space of
more than 9.2% ∆ACP value can be constrained. Assuming measured anomaly of ϵ
′/ϵK , a
sizable ∆ACP (larger than 9%) is allowed in squark mass below 5TeV/c
2. This constraint of the
parameter space is at larger squark mass region than that of LHC constraint.
On the other hand, ∆0− measurement can be used to evaluate non-perturbative theoretical
uncertainty of branching ratio ∆Bsγ/Bsγ caused by a resolved photon process. According to the
result 12.1, the uncertainty is;
∆Bsγ/Bsγ ≈












where the last error is caused by SU(3) symmetry breaking. This provides more reliable suppres-
sion of the uncertainty. Taking 2σ of the measured error of ∆0−, non-perturbative uncertainty
from resolved photon can be estimated to be less than 1.57%. This result is smaller than
other sources of the theoretical uncertainty of Bsγ : higher-order(±3%), interpolation(±3%),
parametric(±2%), and so on.
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CP [%] tatal ACP [%] mean ACP [%]
Direct calibration - 0.579 - - - -
- -0.582 - - - -
Missing fraction - 0.017 - - - -
- -0.019 - - - -
Fixed parameters 0.648 0.738 0.298 0.340 0.074 0.065
-0.612 -0.650 -0.278 -0.362 -0.068 -0.059
Tracking - 0.022 - - - -
- -0.022 - - - -
Pi0/Eta - 0.008 - - - -
- -0.008 - - - -
Ks - 0.013 - - - -
- -0.013 - - - -
PID - 0.051 - - - -
- -0.051 - - - -
Detector asymmetry 0.388 0.000 0.105 0.288 0.046 0.097
-0.388 -0.000 -0.105 -0.288 -0.046 -0.097
A±CP (Xsη) 0.026 - 0.026 - 0.017 0.013
-0.026 - -0.026 - -0.017 -0.013
A±CP (Kη
′) 0.000 - 0.000 - 0.000 0.000
-0.000 - -0.000 - -0.000 -0.000
A±CP (ργ) 0.001 - 0.001 - 0.001 0.000
-0.001 - -0.001 - 0.001 0.000
A0CP (Xsη) 0.036 - - 0.037 0.013 0.018
-0.036 - - -0.037 -0.013 -0.018
∆0−(ργ) - 0.006 - - 0.001 0.002
- -0.006 - - -0.001 -0.002
τ+-/τ00 - 0.186 - - - -
- -0.186 - - - -
f+-/f00 - 1.150 - - - -
- -1.150 - - - -
∆E modification - 0.030 - - - -
- -0.058 - - - -
K*-Xs transition - 0.126 - - - -
- -0.129 - - - -
MC statistics - 0.025 - - - -
- -0.025 - - - -
Fitter bias 0.107 0.080 0.035 0.097 0.052 0.061
-0.071 -0.074 -0.000 -0.085 -0.018 -0.031
Total 0.764 0.971 0.319 0.458 0.105 0.134
-0.729 -0.909 -0.299 -0.471 -0.089 -0.120
Table 12.1: Summary of systematic uncertainty








∆ACP 6.997e-04 6.116e-06 3.371e-04 -3.044e-04 1.012e-04 1.626e-05
∆0− 6.116e-06 2.221e-04 8.427e-06 -9.704e-07 -4.841e-06 3.521e-06
A±CP 3.371e-04 8.427e-06 3.371e-04 -2.916e-05 2.173e-04 1.686e-04
A0CP -3.044e-04 -9.704e-07 -2.916e-05 3.044e-04 1.082e-04 1.522e-04
AtotalCP 1.012e-04 -4.841e-06 2.173e-04 1.082e-04 1.651e-04 1.458e-04
ĀCP 1.626e-05 3.521e-06 1.686e-04 1.522e-04 1.458e-04 1.458e-04








∆ACP 1.000 0.016 0.694 -0.660 0.298 0.051
∆0− 0.016 1.000 0.031 -0.004 -0.025 0.020
A±CP 0.694 0.031 1.000 -0.091 0.921 0.761
A0CP -0.660 -0.004 -0.091 1.000 0.483 0.722
AtotalCP 0.298 -0.025 0.921 0.483 1.000 0.940
ĀCP 0.051 0.020 0.761 0.722 0.940 1.000








∆ACP 5.480e-05 3.350e-05 2.160e-05 -3.320e-05 1.690e-06 -5.780e-06
∆0− 3.350e-05 2.030e-04 1.520e-05 -1.840e-05 2.020e-06 -1.590e-06
A±CP 2.160e-05 1.520e-05 9.390e-06 -1.220e-05 1.470e-06 -1.420e-06
A0CP -3.320e-05 -1.840e-05 -1.220e-05 2.100e-05 -2.110e-07 4.360e-06
AtotalCP 1.690e-06 2.020e-06 1.470e-06 -2.110e-07 8.480e-07 6.310e-07
ĀCP -5.780e-06 -1.590e-06 -1.420e-06 4.360e-06 6.310e-07 1.470e-06








∆ACP 1.000 0.318 0.952 -0.979 0.248 -0.644
∆0− 0.318 1.000 0.348 -0.282 0.154 -0.092
A±CP 0.952 0.348 1.000 -0.869 0.521 -0.382
A0CP -0.979 -0.282 -0.869 1.000 -0.050 0.785
AtotalCP 0.248 0.154 0.521 -0.050 1.000 0.565
ĀCP -0.644 -0.092 -0.382 0.785 0.565 1.000









∆ACP 1.000 0.070 0.702 -0.681 0.291 0.031
∆0− 0.070 1.000 0.062 -0.052 -0.011 0.008
A±CP 0.702 0.062 1.000 -0.123 0.912 0.740
A0CP -0.681 -0.052 -0.123 1.000 0.465 0.715
AtotalCP 0.291 -0.011 0.912 0.465 1.000 0.937
ĀCP 0.031 0.008 0.740 0.715 0.937 1.000
Table 12.6: Error matrix(statistical and systematics)
Division Efficiency[%] N of signal ACP [%]
B− 2.22 ± 0.12 3243 ± 85 ± 149
2.75 ± 1.84 ± 0.32
B+ 2.22 ± 0.12 3074 ± 86 ± 155
B̄0 3.90 ± 0.22 3038 ± 78 ± 114
-0.94 ± 1.74 ± 0.47
B0 3.91 ± 0.22 3102 ± 79 ± 101
B0amb 1.00 ± 0.06 902 ± 42 ± 46 -
Table 12.7: Summary of efficiency, number of signal, and CP violation
7C
8CIm


















Figure 12.2: A constraint on Im(C8/C7) against hadronic parameter Λ̃78.
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12.3 Future prospects
Belle II is the latest B factory experiment, which has started in April 2018. In general the physics
target is almost same with Belle experiment even though the detailed configulation is modified.
∆ACP and ∆0− can be measured with almost the same procedure as performed in this study
with updated detector environment and with more than 50 times larger statistics eventually.
Since every results in eq 12.1 are statistical uncertainty dominant, all of them can be updated
in Belle II.
The statistical uncertainty of ∆ACP with 50 times larger data is 0.37% which is about a
half of systematic uncertainty of this analysis procedure. According to table 12.1 and 13.3,
dominant source of systematic uncertainty for ∆ACP measurement is determined by statistical
limitation in the sideband: π0 → γγ peaking component(0.63%, determined by π0 probability
sideband), detector response asymmetry of charged particle(dominated by π± in mbc sideband)
uncertainty(0.39%). Assuming 50 times larger data for these sideband regions, they can be also
suppressed about 0.10%. Thus, total uncertainty of ∆ACP in Belle II is evaluated under 0.4%.
This means that more than 2% ∆ACP can be an evidence of new physics.
∆0− can be also updated in Belle II. However since the error caused by f±/f00 uncertainty is
comparable with statistical error, it is required to measure f+−/f00 with higher statistics. As an-
other source of systematics, π0 → γγ peaking component will be suppressed as described above.
The second largest source of systematic uncertainty is Xs modes fraction uncertainty(0.58%).
This can be also suppressed because the fraction is determined by statistical uncertainty of mbc
fittings in type division(see section 8.2). Therefore ∆0− measurement will be also updated both
statistically and systematically. However since our study has already concluded that the uncer-
tainty from a resolved photon is smaller than other error sources, ∆0− measurement at Belle II
experiment is no longer not an essential study.
Chapter 13
Appendix
In this chapter, various detailed information is shown as tables. Table 13.1 shows ranks of B
rare decaying events in signal region. Table 13.2 to 13.5 show detailed systematic uncertainty
contribution.
Rank B− B+ B̄0 B0 /B
1 K∗±η(26.3%) K∗±η(27.6%) K∗0η(34.6%) K∗0η(36.0%) K∗0η(22.0%)









4 K∗±0 η(4.9%) K
∗±
0 η(4.9%) K
±π0(5.4%) K±π0(6.3%) K ′∗0π0(9.0%)
5 K±π0(3.8%) K∗0η(4.2%) η′K±(4.2%) η′K±(4.9%) K0η′(7.8%)
6 K∗0η(3.8%) K0π0(3.8%) K±π±π0(3.0%) K∗00 η(4.0%) K
0π0(6.0%)
7 K0π±π0(3.4%) K±π0(3.3%) ρ±K±(2.4%) K±π±π0(2.5%) ηK0π0(2.2%)
8 K0π0(3.2%) η′K±(2.7%) K∗00 η(2.2%) K
′∗0π0(2.3%) K∗00 η(2.2%)
9 K0η′(2.9%) K0π±π0(2.7%) K∗±η(2.0%) ηK±π±(2.1%) f2K
0(2.2%)
10 ρ±γ(2.6%) K0η′(2.7%) ηK±π±(1.8%) K∗±η(1.8%) ρ±K0(2.2%)
11 η′K±(2.6%) ρ±γ(1.8%) K ′∗0π0(1.6%) ρ±K±(1.8%) K∗±π0(1.5%)
12 X0s η(1.4%) K
′∗±π0(1.7%) ηK±(1.1%) ηK±(1.4%) X±s η(1.5%)
13 ρ±K±(1.2%) ρ±K±(1.3%) ωγ(1.1%) ρ(2S)±K±(0.9%) f0π
0(1.1%)




15 K ′∗0π0(1.1%) K ′∗0π0(1.0%) K∗±π0(1.0%) K∗±π0(0.8%) X0s η
′(1.1%)
16 ηK0π±(1.1%) ηK0π±(0.9%) ρ0π0(1.0%) a±1 π
0(0.8%) K∗±0 η(0.7%)
17 ηK±(0.9%) K0η(0.8%) ρ(2S)±K±(0.8%) ωγ(0.8%) K∗±D±s (0.7%)
18 ηK±π0(0.8%) ρ±π0(0.7%) a±1 π
0(0.7%) ρ0π0(0.7%) K∗02 π
0(0.7%)
19 K0η(0.8%) ηK±π0(0.6%) K±K±π0(0.6%) K0π0(0.5%) ωγ(0.7%)
20 ρ±K0(0.8%) a±1 π
0(0.6%) ρ0η(0.6%) X±s η(0.5%) K
∗±η′(0.7%)
Table 13.1: Detailed components of rare B decay BG. /B indecates flavor ambiguous modes. Xs
in the table is not whole inclusive mode but non-resonant mode in the generator.
112 CHAPTER 13. APPENDIX




CP [%] tatal ACP [%] mean ACP [%]
Direct calibration 0.000 0.125 0.001 0.001 0.003 0.001
(mXs(1.15, 1.5)) 0.000 0.124 0.001 0.001 0.003 0.001
Direct calibration 0.000 0.236 0.001 0.001 0.005 0.001
(mXs(1.5, 2.0)) 0.001 0.235 0.002 0.001 0.006 0.001
Direct calibration 0.005 0.286 0.001 0.001 0.007 0.001
(mXs(2.0, 2.4)) 0.002 0.287 0.003 0.007 0.011 0.005
Direct calibration 0.000 0.427 0.001 0.001 0.010 0.001
(mXs(2.4, 2.8)) 0.002 0.431 0.003 0.001 0.012 0.002
Table 13.2: Systematics for direct calibration




CP [%] tatal ACP [%] mean ACP [%]
CBS mean 0.004 0.000 0.002 0.001 0.001 0.001
-0.004 -0.000 -0.002 -0.001 -0.001 -0.001
CBS width 0.001 0.004 0.004 0.003 0.003 0.004
-0.001 -0.005 -0.004 -0.003 -0.003 -0.004
CBS alpha 0.008 0.062 0.006 0.014 0.009 0.010
-0.008 -0.062 -0.006 -0.014 -0.009 -0.010
CBS n 0.079 0.052 0.032 0.047 0.003 0.007
-0.079 -0.052 -0.032 -0.047 -0.003 -0.007
CF/Signal prop. constant 0.026 0.392 0.017 0.001 0.014 0.008
-0.003 -0.318 -0.006 -0.016 -0.012 -0.008
continuum p 0.089 0.246 0.091 0.002 0.049 0.046
-0.054 0.000 -0.059 -0.005 -0.037 -0.032
BB-peak mean 0.000 0.007 0.000 0.004 0.001 0.002
-0.005 -0.016 -0.004 -0.001 -0.003 -0.003
BB-peak width 0.048 0.068 0.026 0.021 0.008 0.002
-0.048 -0.067 -0.027 -0.022 -0.009 -0.003
pi0 peak yields 0.632 0.536 0.278 0.334 0.045 0.034
-0.600 -0.509 -0.266 -0.355 -0.048 -0.038
other peak yields 0.039 0.017 0.031 0.008 0.017 0.011
-0.040 -0.018 -0.032 -0.009 -0.018 -0.012
BB-nonpeak c 0.006 0.173 0.016 0.018 0.016 0.017
-0.003 -0.219 -0.015 -0.021 -0.016 -0.018
BB-nonpeak yields 0.033 0.001 0.002 0.030 0.006 0.012
-0.035 -0.001 -0.006 -0.031 -0.009 -0.014
Cross-feed shape 0.018 0.050 0.011 0.013 0.009 0.008
-0.019 -0.050 -0.013 -0.013 -0.010 -0.009
Table 13.3: Systematics for fixed parameters
113




CP [%] tatal ACP [%] mean ACP [%]
K± multiplicity 0.000 0.069 0.000 0.001 0.000 0.000
0.000 0.000 0.000 0.000 -0.001 0.000
K0 multiplicity 0.017 0.000 0.016 0.000 0.014 0.008
0.000 -0.318 0.000 -0.001 0.000 0.000
π± multiplicity 0.020 0.000 0.004 0.000 0.000 0.000
0.000 -0.014 0.000 -0.016 -0.006 -0.006
π0 multiplicity 0.000 0.383 0.000 0.000 0.000 0.000
-0.003 0.000 -0.006 -0.003 -0.011 -0.004
η multiplicity 0.001 0.043 0.000 0.000 0.000 0.000
0.000 0.000 -0.001 -0.003 -0.003 -0.002
Table 13.4: Detailed systematics for proportionality constants between cross-feed and signal,
where number of particles in rest of event is fluctuated individually.




CP [%] tatal ACP [%] mean ACP [%]
Kaon Adet 0.005 0.000 0.027 0.032 0.029 0.029
-0.005 -0.000 -0.027 -0.032 -0.029 -0.029
Pion Adet(π) 0.293 0.000 0.077 0.216 0.027 0.070
-0.293 -0.000 -0.077 -0.216 -0.027 -0.070
Pion Adet(K) 0.156 0.000 0.041 0.115 0.015 0.037
-0.156 -0.000 -0.041 -0.115 -0.015 -0.037
Pion Adet(µ) 0.113 0.000 0.030 0.084 0.011 0.027
-0.113 -0.000 -0.030 -0.084 -0.011 -0.027
Pion Adet(proton) 0.117 0.000 0.030 0.086 0.011 0.028
-0.117 -0.000 -0.030 -0.086 -0.011 -0.028
Pion Adet(γ) 0.077 0.000 0.020 0.057 0.007 0.018
-0.077 -0.000 -0.020 -0.057 -0.007 -0.018
Pion Adet(e) 0.042 0.000 0.011 0.031 0.004 0.010
-0.042 -0.000 -0.011 -0.031 -0.004 -0.010
Pion Adet(others) 0.079 0.000 0.021 0.059 0.007 0.019
-0.079 -0.000 -0.021 -0.059 -0.007 -0.019
Table 13.5: Detailed systematics for detector response asymmetry, where assumption of asym-
metry is fluctuated for each fake sources individually.
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